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SUMMARY 

Laminar h e a t i n g  d i s t r i b u t i o n s  a t  hypersonic-hyperve loc i ty  f low c o n d i t i o n s  have 
been measured on s p h e r i c a l l y  b lunted ,  12.84'/7O s t r a i g h t  and bent-nose (fore-cone 
a x i s  b e n t  7O upward r e l a t i v e  t o  af t -cone  a x i s )  b i c o n i c s  i n  t h e  Langley Expansion 
Tube. The bent-nose b i c o n i c  r e p r e s e n t e d  a 1 .9-percent-scale  model of an  a e r o a s s i s t e d  
v e h i c l e  proposed f o r  miss ions  t o  a number of  p l a n e t s .  T e s t  gases  used w e r e  hel ium, 
n i t r o g e n ,  a i r ,  and carbon d ioxide .  The f ree-s t ream Mach numbers ranged from 6.0 to  
9.0,  and v e l o c i t i e s  ranged from 4.5 t o  6.9 km/sec. Helium behaved a s  an  i d e a l  g a s ,  
w i t h  a normal-shock d e n s i t y  r a t io  of 3.7. C a l c u l a t e d  thermochemical e q u i l i b r i u m  
v a l u e s  of d e n s i t y  r a t i o s  f o r  n i t r o g e n  and a i r  were a b o u t  11  and f o r  carbon d i o x i d e  
were about  19. The model s u r f a c e  w a s  e s s e n t i a l l y  n o n c a t a l y t i c .  Angles of a t t a c k ,  
r e f e r e n c e d  to  t h e  a x i s  of t h e  af t -cone,  v a r i e d  from Oo t o  20°. The e f f e c t s  of nose 
bend ( i .e . ,  comparison of bent-nose b i c o n i c  with s t r a i g h t  b i c o n i c ) ,  a n g l e  of a t t a c k ,  
and t e s t  gas  on h e a t i n g  d i s t r i b u t i o n s  were examined and measurements i n  hel ium and 
a i r  are compared w i t h  p r e d i c t i o n  from a code which s o l v e s  the three-dimensional  
"parabol ized"  Navier-Stokes (PNS) e q u a t i o n s .  

The 7 O  nose bend n a t u r a l l y  caused a n  i n c r e a s e  i n  windward h e a t i n g  t o  the f o r e -  
cone a t  a g iven  a n g l e  of a t t a c k ;  however, t h i s  i n c r e a s e  w a s  o n l y  10 to  20 p e r c e n t  a t  
t h e  d e s i g n  t r i m  a n g l e  of a t t a c k  of 20° f o r  t h e  bent-nose b iconic .  Perhaps more 
i m p o r t a n t  t o  the d e s i g n e r  is t h e  f a c t  t h a t  t h i s  nose bend caused a d e c r e a s e  i n  wind- 
ward h e a t i n g  t o  t h e  a f t -cone ,  which r e p r e s e n t s  approximately 60 p e r c e n t  of the 
v e h i c l e  s u r f a c e .  Aft-cone windward h e a t i n g  was more s e n s i t i v e  t o  a n g l e  of a t t a c k  
t h a n  fore-cone h e a t i n g ,  i n c r e a s i n g  f o r  t h e  bent-nose b i c o n i c  by a f a c t o r  of three to  
f o u r  as t h e  a n g l e  of a t t a c k  w a s  i n c r e a s e d  from Oo t o  20°; windward h e a t i n g  i n c r e a s e d  
by a factor of t w o  on the fore-cone. Heat ing a l o n g  the most leeward r a y  i n i t i a l l y  
d e c r e a s e d  b u t  t h e n  i n c r e a s e d  wi th  i n c r e a s i n g  angle  of a t t a c k .  This  t r e n d  w a s  
a t t r i b u t e d  to  cross- f low separation on the leeward s i d e  when the fore-cone a n g l e  of 
a t t a c k  exceeded the fore-cone h a l f  angle .  (The f low s e p a r a t i o n  r e s u l t e d  i n  t h e  f o r -  
mat ion of l o n g i t u d i n a l ,  c o u n t e r r o t a t i n g  primary v o r t i c e s  that  r e a t t a c h e d  a l o n g  t h e  
most leeward r a y ,  thereby  augmenting t h e  h e a t - t r a n s f e r  ra te . )  Although Mach number, 
Reynolds number, r a t io  of w a l l  temperature  t o  t o t a l  tempera ture ,  and normal-shock 
d e n s i t y  r a t io  (shock s t r e n g t h )  v a r i e d  f o r  the f o u r  t e s t  gases ,  windward h e a t i n g  w a s  
c o r r e l a t e d  r e a s o n a b l y  w e l l  f o r  a l l  t h e  t es t  gases  ( e x c e p t  C 0 2 )  i n  terms of the 
d e n s i t y  r a t io ,  t h e  S t a n t o n  number, and a form of t h e  v i s c o u s - i n t e r a c t i o n  parameter. 
Expressed i n  t e r m s  of t h e s e  parameters, t h e  C02 r e s u l t s  were c o n s i s t e n t l y  lower t h a n  
the o t h e r  t h r e e  gases. Cont rary  t o  r e s u l t s  f o r  t h e  o t h e r  t h r e e  test g a s e s ,  t h e  a f t -  
cone  h e a t i n g  i n  C02 i n c r e a s e d  i n  the d i r e c t i o n  of t h e  base; this t r e n d  w a s  a t t r i b u t e d  
to  the lower r a t i o  of specific h e a t s  w i t h i n  the shock l a y e r  f o r  C02.  Heat ing d i s t r i -  
b u t i o n s  a l o n g  t h e  most windward and most leeward r a y s  on both b i c o n i c s  i n  helium and 
on the s t r a i g h t  biconic i n  a i r  were g e n e r a l l y  u n d e r p r e d i c t e d  with t h e  PNS code. 

INTRODUCTION 

Recent  advances i n  n a v i g a t i o n  and t h e  knowledge of p l a n e t a r y  atmospheres  
(refs. 1 t o  31, a l o n g  w i t h  t h e  need for  Ear th  o rb i t a l  t r a n s f e r  v e h i c l e s  ( O W ' S )  
(refs. 4 to  61, have r e k i n d l e d  i n t e r e s t  i n  aerobraking  and aerocapture techniques  f o r  
proposed E a r t h  and p l a n e t a r y  mis s ions .  A v e h i c l e  c o n f i g u r a t i o n  proposed f o r  miss ions  
to  a number of plar,ets (refs. 2 and 3) i s  a s p h e r i c a l l y  b l u n t e d  b i c o n i c  w i t h  t h e  



fore-cone s e c t i o n  b e n t  upward r e l a t i v e  t o  t h e  a f t - c o n e  s e c t i o n  t o  provide  self-tr im 
c a p a b i l i t y .  This  type of v e h i c l e  i s  a l s o  a v i a b l e  c a n d i d a t e  as a moderate l i f t - d r a g  
OTV ( r e f s .  4 to  6 )  and of fe rs  many advantages as a r e e n t r y  v e h i c l e  ( r e f .  7 ) .  Because 
of t h e  s c a r c i t y  of exper imenta l  d a t a  f o r  bent-nose b i c o n i c s ,  a s t u d y  w a s  i n i t i a t e d  a t  
t h e  Langley Research Center  t o  e s t a b l i s h  a comprehensive d a t a  base.  To d a t e ,  aero- 
dynamic c o e f f i c i e n t s ,  p r e s s u r e  d i s t r i b u t i o n s ,  o i l - f l o w  p a t t e r n s ,  and shock shapes  
have been measured and r e p o r t e d  on 2.9-percent-scale  models of t h e  proposed configu-  
r a t i o n  and t h i s  c o n f i g u r a t i o n  wi thout  a b e n t  nose ( s t r a i g h t  b i c o n i c ) .  (See refs. 8 
t o  10. These measurements have been made i n  t h r e e  convent iona l - type  hypersonic  wind 
t u n n e l s ,  namely, t h e  Langley 20-Inch Mach 6 Tunnel,  t h e  Langley 31-Inch Mach 10 
Tunnel ( former ly  known as t h e  Langley Continuous-Flow Hypersonic Tunnel ) ,  and t h e  
Langley Hypersonic CF4 Tunnel,  thereby  p r o v i d i n g  a range of Mach numbers, Reynolds 
numbers, and r a t i o s  of s p e c i f i c  h e a t s .  

A s  a c o n t i n u a t i o n  of t h i s  e s t a b l i s h m e n t  of an exper imenta l  d a t a  base,  hea t -  
t r a n s f e r  d i s t r i b u t i o n s  and shock shapes were measured on a 1.9-percent-scale  model of  
t h e  proposed c o n f i g u r a f i o n  (bent-nose b i c o n i c )  and on t h e  s t r a i g h t  b i c o n i c  i n  t h e  
Langley Expansion T u b e ' ,  which i s  d e s c r i b e d  i n  r e f e r e n c e s  1 1  t o  14. This  f a c i l i t y  i s  
c a p a b l e  of g e n e r a t i n g  a range of hypersonic-hyperve loc i ty  flow c o n d i t i o n s  i n  
a r b i t r a r y  tes t  g a s e s  about  s t a t i o n a r y  models, thereby  a l l o w i n g  r e a l - g a s  e f f e c t s  
( r e s u l t s  of v i b r a t i o n a l  e x c i t a t i o n ,  d i s s o c i a t i o n ,  and i o n i z a t i o n )  on t h e  flow about  
v a r i o u s  c o n f i g u r a t i o n s  t o  be examined i n  g a s e s  cor responding  t o  p l a n e t a r y  atmo- 
s p h e r e s .  T e s t  g a s e s  chosen i n  t h e  p r e s e n t  s t u d y  were: ( 1 )  carbon d i o x i d e  ( C 0 2 ) ,  t h e  
pr imary c o n s t i t u e n t  of Mars and Venus atmospheres;  ( 2 )  n i t r o g e n  (N2), t h e  pr imary  
c o n s t i t u e n t  of t h e  T i t a n  atmosphere;  ( 3 )  a i r ,  t h e  E a r t h  atmosphere (cor responding  t o  
a d e n s i t y  a l t i t u d e  of 67 km f o r  t h e  p r e s e n t  scale model);  and ( 4 )  helium ( H e ) ,  which 
behaves as an i d e a l  gas  over  a wide range of f low c o n d i t i o n s  ( r e f .  1 4 ) .  The corre- 
sponding range of c a l c u l a t e d  e q u i l i b r i u m  normal shock d e n s i t y  r a t i o s  f o r  t h e  f o u r  
t e s t  g a s e s  was 4 to  19 f o r  f ree-s t ream Mach numbers from 6.0 t o  9.0 and f ree-s t ream 
v e l o c i t i e s  from 4.5 to 6.9 km/sec. Thus, t h e  b i c o n i c  models w e r e  tes ted i n  i d e a l - g a s  
and r e a l - g a s  flow environments i n  t h e  same f a c i l i t y ,  t h e r e b y  reducing  u n c e r t a i n t i e s  
a s s o c i a t e d  with t e s t i n g  i n  s e v e r a l  f a c i l i t i e s  having d i f f e r e n t  f low c h a r a c t e r i s t i c s ,  
i n s t r u m e n t a t i o n ,  and d a t a - a c q u i s i t i o n  systems. 

The purposes of t h i s  r e p o r t  are: ( 1 )  t o  examine t h e  e f f e c t s  of nose bend and 
a n g l e  of a t t a c k  on h e a t i n g  d i s t r i b u t i o n s  f o r  t h e  b i c o n i c s ,  ( 2 )  t o  examine t h e  e f f e c t s  
of d i f f e r e n t  t es t  g a s e s  having a range of c a l c u l a t e d  e q u i l i b r i u m  post-shock ra t ios  of 
s p e c i f i c  h e a t s  from 1.13 t o  1.67, and ( 3 )  t o  compare measurements wi th  p r e d i c t i o n s  
from a three-dimensional  p a r a b o l i z e d  Navier-Stokes (PNS) code ( r e f s .  15 to  1 7 ) .  
Because h e a t - t r a n s f e r  measurements f o r  bent-nose b i c o n i c s  are p a r t i c u l a r l y  scarce i n  
t h e  open l i t e r a t u r e ,  t h e  p r e s e n t  d a t a  r e p r e s e n t  a s tep toward f i l l i n g  t h i s  vo id .  
Hopefu l ly ,  t h e  d a t a  base  e s t a b l i s h e d  i n  r e f e r e n c e s  8 to  10 and i n  t h e  p r e s e n t  s t u d y  
w i l l  p rovide  an improved unders tanding  of t h e  f l o w  c h a r a c t e r i s t i c s  a b o u t  b i c o n i c s  a t  
hypersonic  c o n d i t i o n s  and w i l l  a l s o  p r o v i d e  t h e  o p p o r t u n i t y  f o r  comparisons w i t h  
f low-f ie ld  computer codes.  

'Operat ion of t h e  Langley Expansion Tube w a s  t e r m i n a t e d  a t  t h e  complet ion of t h e  
p r e s e n t  s tudy  i n  December 1982. The f a c i l i t y  w a s  p l a c e d  on s tandby f o r  approximate ly  
1 8  months and then  disassembled and removed from i t s  o r i g i n a l  s i t e  i n  l a te  1984. 
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A RATUS AND TESTS 

F a c i l i t y  

The Langley Expansion Tube ( r e f s .  11 and 12)  i s  b a s i c a l l y  a 15.24-cm-diameter 
tube d i v i d e d  i n t o  t h r e e  s e c t i o n s  by two diaphragms; thus ,  t h i s  f a c i l i t y  may be viewed 
as t w o  shock tubes  i n  tandem. The upstream s e c t i o n  is t h e  d r i v e r ,  or h igh-pressure ,  
s e c t i o n  and i s  p r e s s u r i z e d  a t  ambient  temperature  w i t h  a gas  having  a h i g h  speed of 
sound. (Greater o p e r a t i o n  e f f i c i e n c y  is r e a l i z e d  as d r i v e r - g a s  speed of sound 
i n c r e a s e s . )  The i n t e r m e d i a t e  s e c t i o n ,  sometimes r e f e r r e d  t o  as t h e  d r i v e n  s e c t i o n ,  
i s  evacuated  and f i l l e d  w i t h  t h e  d e s i r e d  t e s t  gas  a t  ambient temperature .  The d r i v e r  
and d r i v e n  s e c t i o n s  are s e p a r a t e d  by t h i c k  s t ee l  diaphragms (double-diaphragm 
apparatus). The downstream sect ion is  r e f e r r e d  to  as the a c c e l e r a t i o n ,  o r  expansion,  
s e c t i o n .  A weak, low-pressure diaphragm (secondary diaphragm) separates t h e  i n t e r -  
media te  and a c c e l e r a t i o n  s e c t i o n s .  The i s e n t r o p i c ,  unsteady expansion r e s u l t i n g  f r o m  
t h e  r u p t u r e  of t h i s  t h i n  Mylar2 f i l m  diaphragm g e n e r a t e s  hypersonic  and h y p e r v e l o c i t y  
f l o w  a t  the a c c e l e r a t i o n  s e c t i o n  e x i t  from t h e  l o w  Mach number shock-tube flow which 
e n c o u n t e r s  the secondary diaphragm. T e s t  models are p o s i t i o n e d  a t  t h e  e x i t  of t h e  
acceleration s e c t i o n .  Flow through t h i s  s e c t i o n  e x h a u s t s  i n t o  a dump tank;  hence, 
models are tested i n  an open j e t .  The o p e r a t i n g  sequence of t h e  expansion tube is  
shown s c h e m a t i c a l l y  i n  f i g u r e  1 and d i s c u s s e d  i n  d e t a i l  i n  r e f e r e n c e  18. 

Mode Is 

S k e t c h e s  and dimensions of t h e  b i c o n i c  models are shown i n  f i g u r e  2, and a 
photograph of t h e  bent-nose b i c o n i c  model i n s t a l l e d  i n  t h e  t e s t  sect ion of t h e  
expans ion  t u b e  is shown i n  f i g u r e  3. The bent-nose-biconic  model r e p r e s e n t e d  a 
1.9-percent-scale  model of the proposed Mars sample-return,  s i n g l e - m i s s i o n  v e h i c l e  
( r e f .  2 ) .  The models w e r e  f a b r i c a t e d  from s t a i n l e s s  s teel  e x c e p t  f o r  the nose t i p s ,  
which w e r e  f a b r i c a t e d  from MACOR machinable glass-ceramic ( r e f .  1 9 ) .  Each model 
c o n t a i n e d  f i v e  s l o t s  for ins t rumented  i n s e r t s  (MACOR glass-ceramic s u b s t r a t e s ) ,  the 
s u r f a c e s  of which w e r e  contoured t o  t h e  c o n i c  s e c t i o n .  (See f i g .  4 . )  Two s l o t s  were 
machined a l o n g  the most windward r a y  ( $  = 1 8 0 ° ) ,  t w o  a l o n g  the most leeward r a y  
( $  = Oo) (one  on t h e  fore-cone and one on t h e  a f t - c o n e ) ,  and one a long  t h e  r a y  90' 
from t h e  m o s t  leeward r a y  of t h e  a f t - c o n e  ( 4  = 90').  

3 

I n s t r u m e n t a t i o n  

Heat t r a n s f e r . -  Thin-fi lm r e s i s t a n c e  qaqes ( r e f s .  20 and 21) were used t o  
measure h e a t - t r a n s f e r  rates d u r i n g  t h e  250-vsec t e s t  p e r i o d  of  the expansion tube.  
E i g h t  p a l l a d i u m  gages,  each approximate ly  120 nm t h i c k ,  w e r e  d e p o s i t e d  a l o n g  t h e  
p o l i s h e d  s u r f a c e  of each MACOR g lass -ceramic  substrate;  a s i n g l e  t h i n - f i l m  gage w a s  
d e p o s i t e d  a t  the s p h e r i c a l  nose t ip .  Each gage w a s  i n  t h e  form of a s e r p e n t i n e  
p a t t e r n  (as  shown i n  r e f .  20 )  and provided n e a r l y  a p o i n t  measurement since t h e  
s e n s i n g  s u r f a c e  w a s  1.02 mm by 1.27 mm. ( I t  should be noted  t h a t  t h e  s e r p e n t i n e  
palladium s e n s i n g  e lement  covered a r e g i o n  w i t h i n  l o o  of t h e  s t a g n a t i o n  p o i n t  of the 
nose t i p  a t  z e r o  inc idence ;  t h u s ,  t h e  h e a t i n g  rates i n f e r r e d  from t h i s  e lement  are 

2Mylar i s  a r e g i s t e r e d  trademark of E. I. du Pont  de Nemours & Co. ,  Inc.  
3MACOR is a r e g i s t e r e d  trademark of Corning Glass works. 
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s l i g h t l y  lower than the s t a g n a t i o n - p o i n t  h e a t - t r a n s f e r  rate. 1 Gages were covered 
w i t h  A 1 2 0 3  approximately 500 nm t h i c k  to  p r e v e n t  t h e  gage from becoming e l e c t r i c a l l y  
s h o r t e d  because of the i o n i z e d  f low over  the model. The MACOR g lass -ceramic  sub- 
strates were 5.1 mm t h i c k  and 6.4 nun wide; t h u s ,  the s e r p e n t i n e  s e n s i n g  e lement  w a s  
2.5 mm from the edges of the substrate.  This  r e l a t i v e l y  l a r g e  t h i c k n e s s  and width 
ensured  t h e  s u b s t r a t e s  behaved as s e m i - i n f i n i t e  media d u r i n g  the 250-psec t e s t  t i m e ,  
t h e r e b y  s a t i s f y i n g  the basic assumption of the d a t a  r e d u c t i o n  procedure used f o r  
t h i n - f i l m  gages ( r e f s .  20 t o  23) .  Each gage w a s  c a l i b r a t e d  i n  a w e l l - s t i r r e d  o i l  
b a t h  for  temperatures  of 297 K t o  380 K, t h e r e b y  c o v e r i n g  the range of s u r f a c e  t e m -  
p e r a t u r e s  experienced d u r i n g  m o s t  tests w i t h  t h e  e x c e p t i o n  of t h e  gage a t  t h e  t i p  of 
t h e  s p h e r i c a l  nose,  where s u r f a c e  tempera tures  w e r e  much h igher .  A c o n s t a n t  c u r r e n t  
of 2 mA w a s  maintained through each gage, which is  s u f f i c i e n t l y  l o w  t o  avoid  ohmic 
h e a t i n g  e f f e c t s  ( r e f .  20) .  

H e a t - t r a n s f e r  rates were determined by u s i n g  t w o  methods: ( 1  ) numerical  i n t e -  
g r a t i o n  of the s u r f a c e  temperature change as a f u n c t i o n  of t i m e  (refs.  20, 22, and 
2 3 ) .  and ( 2 )  use  of the a n a l o q  c i r c u i t  d e s c r i b e d  i n  r e f e r e n c e  21. The f i r s t  method 
accounts  f o r  t h e  v a r i a t i o n  of s u b s t r a t e  thermal  p r o p e r t i e s  w i t h  t empera ture  (refs. 2 0  
and 231, b u t  r e q u i r e s  c o n s i d e r a b l e  t i m e  on the d e s k t o p  computer used t o  reduce the 
d a t a .  The analog c i r c u i t  method r e q u i r e s  l i t t l e  computer t i m e  and was used f o r  gages 
e x p e r i e n c i n g  l o w  s u r f a c e  tempera tures  d u r i n g  the run. H e a t - t r a n s f e r  rates on the 
nose,  on t h e  windward r a y  of t h e  fore-cone, and on a l t e r n a t e  gages on t h e  windward 
r a y  of the af t -cone  w e r e  determined from numer ica l  i n t e g r a t i o n ;  h e a t - t r a n s f e r  rates 
for  t h e  remaining gages w e r e  o b t a i n e d  w i t h  t h e  a n a l o g  c i r c u i t s .  

S i g n a l s  from the t h i n - f i l m  gage on the s p h e r i c a l  nose and from t h e  32 gages 
l o c a t e d  along the most windward and most leeward r a y s  w e r e  recorded  a t  400 kHz 
(2.5 Usec between d a t a  samples) wi th  a t ransient-waveform r e c o r d i n g  system. D i g i t a l  
d a t a  from t h i s  ana log- to-d ig i  t a l  system w a s  r e t r i e v e d  w i t h  a Hewlett-Packard 984%' 
computer and reduced t o  t i m e  h i s t o r i e s  of t h e  h e a t i n g  rate. Output  s i g n a l s  f o r  the 
e i g h t  t h i n - f i l m  gages l o c a t e d  a l o n g  t h e  90° r a y  w e r e  recorded  from an o s c i l l o s c o p e  
w i t h  a camera. Sample t i m e  h i s t o r i e s  are shown i n  f i g u r e  5 for a windward gage and 
f o r  a leeward gage on t h e  s t r a i g h t  b i c o n i c  i n  a i r .  The h e a t i n g  rate for  t h e  windward 
gage w a s  determined numer ica l ly ,  whereas tha t  f o r  the leeward gage w a s  o b t a i n e d  w i t h  
t h e  ana log  c i r c u i t .  

Flow v i s u a l i z a t i o n . -  Shock detachment d i s t a n c e  w a s  o b t a i n e d  by u s i n g  a s i n g l e -  
p a s s  s c h l i e r e n  system w i t h  a xenon arc lamp as a l i g h t  source .  This  p o i n t  l i g h t  
s o u r c e ,  having a d u r a t i o n  of approximately 150 nsec ,  w a s  d i s c h a r g e d  j u s t  prior t o  
t e r m i n a t i o n  of t h e  u s e f u l  t e s t  per iod .  (See f i g .  5 ( b ) .  ) R e p r e s e n t a t i v e  s c h l i e r e n  
photographs a r e  shown i n  f i g u r e  6 f o r  t h e  bent-nose b i c o n i c  model i n  C 0 2 .  

F a c i l i t y  f l o w  q u a n t i t i e s . -  I n c i d e n t  shock v e l o c i t y  a t  t h e  tube  e x i t  ( t e s t  
s e c t i o n )  was determined by a p p l y i n g  a l e a s t - s q u a r e s  c u r v e  f i t  t o  the average  shock 
v e l o c i t y  between s u c c e s s i v e  ins t rumented  s t a t i o n s  ( r e f .  24) .  The t i m e  r e q u i r e d  f o r  
t h e  shock t o  t r a v e l  between s t a t i o n s  w a s  o b t a i n e d  from counter - t imer  r e a d i n g s  of the 
'Is top" s i g n a l s  s u p p l i e d  by p r e s s u r e  t r a n s d u c e r s  and h e a t - t r a n s f e r  gages mounted f l u s h  
w i t h  the tube wal l .  Tube w a l l  p r e s s u r e s  and p i t o t  p r e s s u r e s  w e r e  measured w i t h  
p i e z o e l e c t r i c  ( q u a r t z )  t r a n s d u c e r s  i n  c o n j u n c t i o n  w i t h  charge  a m p l i f i e r s .  ( I t  s h o u l d  
be noted t h a t  p i t o t  p r e s s u r e s  were measured d u r i n g  c a l i b r a t i o n  tests performed p r i o r  
to  t h i s  s tudy (see appendix A )  b u t  were n o t  measured f o r  tests w i t h  t h e  b i c o n i c  
models, a s  d i s c u s s e d  subsequent ly . )  Free-stream s t a t i c  p r e s s u r e s  were i n f e r r e d  from 
measurements from a t r a n s d u c e r  l o c a t e d  1.7 m upstream of t h e  tube  e x i t ;  t h e  v a r i a t i o n  
i n  s t a t i c  p r e s s u r e  between this s t a t i o n  and t h e  tube e x i t  is expec ted  t o  be small 
( w i t h i n  experimental  u n c e r t a i n t y ) .  
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T e s t  Condi t ions 

The d r i v e r  gas  w a s  unheated hydrogen a t  a nominal p r e s s u r e  of 4.14 Pa, and t h e  
double-diaphragm mode of o p e r a t i o n  ( r e f s .  1 1  t o  14)  w a s  used t o  reduce randomness i n  
the p r e s s u r e  r a t i o  across t h e  pr imary diaphragm a t  t h e  t i m e  of r u p t u r e .  T e s t  gases 
were H e ,  N 2 ,  d r y  a i r ,  and C02.  For a given tes t ,  t h e  a c c e l e r a t i o n  gas  w a s  t h e  same 
as t h e  t e s t  gas b u t  a t  a lower i n i t i a l  p r e s s u r e .  (See appendix A and r e f .  12.)  Flow 
c o n d i t i o n s  f o r  t h i s  s t u d y  correspond t o  t h e  optimum flow o b t a i n e d  w i t h  each t e s t  gas  
( r e f .  1 2 1 ,  and no attempt w a s  made to  o p e r a t e  the  f a c i l i t y  a t  off-optimum c o n d i t i o n s  
for  any of the test  gases  i n  o r d e r  to  match Mach numbers or Reynolds numbers or both.  
Representative v a l u e s  of t h e  q u i e s c e n t - t e s t - g a s  p r e s s u r e  and of t h e  a c c e l e r a t i o n - g a s  
p r e s s u r e  f o r  t h e  v a r i o u s  test g a s e s  are p r e s e n t e d  i n  t h e  f i g u r e s  of appendix A. 

Free-stream and post-normal-shock flow c o n d i t i o n s  were determined by u s i n g  t h e  
thermochemical e q u i l i b r i u m  program of r e f e r e n c e  25 modif ied t o  i n c l u d e  He.  Based on 
t h e  f i n d i n g s  of r e f e r e n c e s  26 and 27, t h e  f ree-s t ream f lows for H e ,  a i r ,  and C 0 2  were 
b e l i e v e d  t o  be i n  thermochemical e q u i l i b r i u m ;  f ree-s t ream f low for N2 w a s  assumed to  
be i n  thermochemical equi l ibr ium. The program of r e f e r e n c e  25 a c c e p t s  f r e e - s t r e a m  
s t a t i c  p r e s s u r e ,  f ree-s t ream v e l o c i t y ,  and p i t o t  pressure as i n p u t s .  The free-stream 
s ta t ic  p r e s s u r e  w a s  assumed to  be e q u a l  t o  t h e  measured tube w a l l  p r e s s u r e  n e a r  t h e  
t u b e  e x i t ,  f ree-s t ream v e l o c i t y  w a s  assumed t o  be e q u a l  t o  the i n c i d e n t  shock 
v e l o c i t y  a t  t h e  tube  e x i t  ( r e f s .  14 and 261, and p i t o t  p r e s s u r e  corresponded t o  a 
mean v a l u e  across t h e  i n v i s c i d  test core as i n f e r r e d  from tests wi th  a p i t o t - p r e s s u r e  
survey  r a k e  performed prior t o  t h e  p r e s e n t  s tudy.  Nominal v a l u e s  of t h e  measured 
i n p u t s  t o  t h e  program of r e f e r e n c e  25 are p r e s e n t e d  i n  t a b l e  1 ,  and t h e  cor responding  
free-stream and post-normal-shock f low c o n d i t i o n s  are g iven  i n  t a b l e  2. Because of 
t h e  r e l a t i v e l y  s m a l l  v a l u e s  of f ree-s t ream Reynolds number and t h e  s m a l l  model s i z e ,  
f l o w  over t h e  models w a s  p robably  laminar  f o r  a l l  test  gases .  

The models w e r e  t e s t e d  a t  a n g l e s  of at tack a from Oo t o  20° r e f e r e n c e d  t o  the 
a x i s  of t h e  a f t -cone  s e c t i o n .  Both b i c o n i c  models were t e s t e d  i n  4O increments  i n  
a i r ;  f o r  t h e  o t h e r  t h r e e  test  g a s e s ,  t h e  biconics w e r e  tested a t  a = O o ,  4 O ,  12O, 
and 20°. The s t r a i g h t  b i c o n i c  w a s  rolled a t  a = 12O i n  a i r  to  p r o v i d e  a more 
d e t a i l e d  c i r c u m f e r e n t i a l  h e a t i n g  d i s t r i b u t i o n .  A t  a = O o ,  t h e  s p h e r i c a l  nose t i p  of 
t h e  s t r a i g h t  b i c o n i c  w a s  l o c a t e d  1.27 c m  downstream of t h e  tube e x i t .  Based on t h e  
c a l i b r a t i o n  r e s u l t s  of appendix A and on o t h e r  unpubl ished c a l i b r a t i o n  r e s u l t s ,  the 
models were l o c a t e d  w i t h i n  t h e  i n v i s c i d  test  core  and i n  a r e g i o n  of uniform a x i a l  
f l o w  f o r  a l l  a n g l e s  of a t t a c k .  However, t h e  shock l a y e r  a b o u t  t h e  models w a s  n o t  
always w i t h i n  t h e  t e s t  core, p a r t i c u l a r l y  on the  leeward s ide and a t  t h e  h i g h e r  
a n g l e s  of a t t a c k .  

Data Reduction and U n c e r t a i n t y  

Heat t r a n s f e r . -  The numerical  method used to  compute h e a t - t r a n s f e r  rates from 
t h e  o u t p u t  of the t h i n - f i l m  r e s i s t a n c e  uaqes is  d i s c u s s e d  i n  r e f e r e n c e  20, and t h e  - -  
analog c i r c u i t  method is  d i s c u s s e d  i n  r e f e r e n c e  21. A l s o  i n c l u d e d  i n  r e f e r e n c e  20 i s  
a d i s c u s s i o n  of the cal ibrat ion procedure used to  determine t h e  tempera ture  c o e f f i -  
c i e n t  of r e s i s t a n c e  of each gage and t h e  c o n t r i b u t o r s  t o  t h e  u n c e r t a i n t y  i n  t h e  h e a t -  
t r a n s f e r  rate i n f e r r e d  from t h i n - f i l m  gages. Primary c o n t r i b u t o r s  f o r  t h e  p r e s e n t  
s t u d y  are believed to  be t h e  u n c e r t a i n t y  i n  the  thermal  properties of MACOR g l a s s -  
ceramic, the changes tha t  o c c u r r e d  i n  gage p r o p e r t i e s  f o r  gages L!at were used I n  
successive tests w i t h o u t  r e c a l i b r a t i o n ,  and the  poor s i g n a l - t o - n o i s e  ra t io  e x p e r i -  
enced d u r i n g  a number of tests. 
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The h e a t - t r a n s f e r  rate i n f e r r e d  from a t h i n - f i l m  gage i s  d i r e c t l y  p r o p o r t i o n a l  
Because of t h e  acknowl- t o  t h e  thermal product  of t h e  s u b s t r a t e  

edged u n c e r t a i n t y  i n  
which t h i n - f i l m  gages wi th  MAC@R g lass -ceramic ,  q u a r t z ,  and Pyrex 7740 g l a s s  sub- 
s t ra tes  were t e s t e d  s imul taneous ly  i n  two convent iona l  hypersonic  wind t u n n e l s  a t  
Langley. By comparing t h e  h e a t - t r a n s f e r  rates f o r  t h e  MACOR g lass -ceramic  s u b s t r a t e s  
w i t h  those  f o r  t h e  o t h e r  t w o  s u b s t r a t e s  ( f o r  which Bs is more a c c i i r a t e l y  known), a 
de termina t ion  of Bs f o r  MACOR g lass -ceramic  i s  p o s s i b l e .  The r e s u l t s  of t h e s e  
tests are d iscussed  i n  appendix B. The t e s t s  w e r e  performed a f t e r  t h e  p r e s e n t  
b i c o n i c  tes ts  i n  t h e  expansion tub:. 
t h e  v a l u e s  of h e a t - t r a n s f e r  ra te  q o r i g i n a l l y  i n f e r r e d  f o r  t h e  b i c o n i c  models are 
c o r r e c t e d  f o r  t h e  e r r o r  i n  Bs by simply m u l t i p l y i n g  4 by 1 .1  3 .  That  i s ,  t h e  
v a l u e s  of 4 p r e s e n t e d  h e r e i n  correspond t o  O s  = 1996 W - s e c 1 / 2 / m 2 - K  a t  

T = 298 K 

Bs = ( p s  c k I l l 2 .  
f o r  MACOR g lass -ceramic  ( r e f .  201, a s t u d y  w a s  performed i n  

B, 4 

Based on t h e  f i n d i n g s  p r e s e n t e d  i n  appendix B ,  

i n s t e a d  of t h e  va lue  of 1766 W-sec1/2 /m2-K from r e f e r e n c e  20 .  

The maximum i n c r e a s e  i n  s u b s t r a t e  s u r f a c e  tempera ture  exper ienced  d u r i n g  t h e  
250 ~ s e c  t e s t  per iod  ( o t h e r  t h a n  a t  t h e  s p h e r i c a l  nose t i p )  w a s  about  100 K. This 
i n c r e a s e ,  which occurred on t h e  windward r a y  of t h e  bent-nose b i c o n i c  fore-cone 
s e c t i o n ,  corresponds t o  a 6-percent  c o r r e c t i o n  i n  t h e  h e a t - t r a n s f e r  rate t o  account  
for v a r i a t i o n  i n  s u b s t r a t e  thermal  p r o p e r t i e s  ( r e f .  20 and appendix B ) .  The s u r f a c e  
tempera ture  change on t h e  leeward r a y  ( 0  = O o )  was rouqhly a f a c t o r  of 10 s m a l l e r ,  
and no c o r r e c t i o n  was made to  t h e  s u b s t r a t e  thermal  p r o p e r t i e s .  

I n  an e f f o r t  t o  minimize t h e  u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e  d a t a - a c q u i s i t i o n  
system ( i . e . ,  the  c o n s t a n t - c u r r e n t  c i r c u i t ,  a m p l i f i e r ,  c a b l e s ,  and a n a l o g - t o - d i g i t a l  
waveform r e c o r d e r ) ,  t h e  thin-f i lm-gage c i r c u i t s  and t h e  a n a l o g - t o - d i q i t a l  r e c o r d i n g  
system were c a l i b r a t e d  a s  a u n i t .  An a c c u r a t e l y  known v o l t a g e  was p laced  i n t o  each 
c i r c u i t  and compared wi th  t h e  va lue  r e t r i e v e d  by t h e  computer. A c o r r e c t i o n  f a c t o r  
was obta ined  f o r  each channel :  when a p p l i e d  t o  t h e  va lue  r e t r i e v e d  by t h e  computer,  
t h i s  f a c t o r  brought  t h e  va lue  i n t o  e x a c t  agreement wi th  t h e  i n p u t  v o l t a q e .  I n  
g e n e r a l ,  t h i s  c o r r e c t i o n  f a c t o r  w a s  w i t h i n  4 p e r c e n t  of u n i t y .  C a l i b r a t i o n s  w e r e  
performed p r i o r  t o ,  d u r i n g ,  and immediately a f t e r  t h e  t es t  series.  C o r r e c t i o n  
f a c t o r s  f o r  30 of t h e  33 channels  v a r i e d  less than  2 p e r c e n t  o v e r  t h e  course  of t h e  
t es t  series,  and t h e  remaininq channels  w e r e  w i t h i n  6 p e r c e n t .  

Values of h e a t - t r a n s f e r  ra te  p r e s e n t e d  h e r e i n  were o b t a i n e d  from second-order  
l e a s t - s q u a r e s  curve f i t s  of t h e  t i m e  h i s t o r i e s  of t h e  measured h e a t i n g  rates. These 
curve  f i t s  were performed f o r  t h e  t i m e  i n t e r v a l  of r e l a t i v e l y  c o n s t a n t  h e a t - t r a n s f e r  
ra te  between t h e  post-f low e s t a b l i s h m e n t  p e r i o d  and e i t h e r  t h e  f low breakdown or t h e  
d i s t u r b a n c e  caused by t h e  s c h l i e r e n  s p a r k .  (See  f i g .  5 . )  The p r e s e n t  d a t a  c o r r e -  
spond t o  a t i m e  of 200 usec. 

I n  previous tests, a l l  t h i n - f i l m  gages used i n  models t h a t  faced  i n t o  t h e  expan- 
s i o n  tube flow w e r e  d e s t r o y e d .  However, even though t h e  models w e r e  s a n d b l a s t e d  
d u r i n g  t h e  post-run p e r i o d  (see f i g .  4 ( b ) ) ,  a s u r p r i s i n g  number of gages s u r v i v e d  i n  
t h e  p r e s e n t  s t u d y  a t  t h e  lower a n q l e s  of a t t a c k .  A t  t h e  h i g h e r  a n g l e s  of a t t a c k ,  
most gages on t h e  windward r a y  w e r e  d e s t r o y e d ,  b u t  t h o s e  s h i e l d e d  from t h e  flow on 
t h e  leeward r a y  surv ived .  This  s u r v i v a l  allowed s u b s t r a t e s  t o  be used €or more t h a n  
one t e s t ,  but  o f t e n  a t  a sacr i f ice  i n  r e s o l u t i o n  and accuracy .  The loss of accuracy  
i s  a r e s u l t  of s a n d b l a s t i n g  and p o s s i b l e  a n n e a l i n g  of t h e  gage ( r e f .  20) .  Time 

__ ~~ 

4Pyrex 7740 i s  a trademark of Corninq G l a s s  works. 
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c o n s t r a i n t s  p r o h i b i t e d  t h e  s u b s t r a t e s  from being removed, r e c a l i b r a t e d ,  and r e i n -  

r e l a t i v e l y  s m a l l  change i n  r e s i s t a n c e  (less than 10 p e r c e n t )  are presented .  Previous  
exper ience  ( r e f .  20) has  shown t h a t  a l though t h e  gage r e s i s t a n c e  may change s i g n i f i -  
c a n t l y  between runs ,  t h e  change i n  t h e  temperature  c o e f f i c i e n t  of r e s i s t a n c e  is 
u s u a l l y  small and g e n e r a l l y  may be neglec ted .  

scs1up.1. I?, 4-1.- L A & . <  -=-- UUUL =f ?. szbst?-ate heir,.; tcstcz twice, ccpf for gages ha-&q & 

When t h e  flow over  t h e  t h i n - f i l m  gage i s  ionized  and t h e  gage i s  n o t  adequate ly  
p r o t e c t e d  from e l e c t r o n s ,  s h o r t i n g  of t h e  gaqe can occur  ( r e f .  28) .  The p r e s e n t  
t h i n - f i l m  gages w e r e  covered wi th  a l a y e r  of A 1 2 0 3  t o  s h i e l d  t h e  pal ladium element  
from e l e c t r o n s ,  b u t  it is d i f f i c u l t  t o  provide  an  impermeable cover  wi thout  i n t r o d u c -  
i n g  s i g n i f i c a n t  thermal  l a g  because of t h e  cover t h i c k n e s s .  No gage s h o r t i n g  w a s  
exper ienced  f o r  t h e  H e  f low,  nor w a s  s h o r t i n g  experienced f o r  C02. 
t h e  t h i n - f i l m  gages exper ienced  a n e g a t i v e  output  s i g n a l  upon a r r i v a l  of t h e  acceler- 
a t i o n  g a s  f o r  t h e  a i r  ( f i g .  5 )  and N 2  tests. The o u t p u t  of t h e  t h i n - f i l m  gages for  
a i r  and N2 tests f u l l y  recovered from t h e  i n i t i a l  n e g a t i v e  d e f l e c t i o n  s h o r t l y  a f t e r  
a r r i v a l  of t h e  test gas .  Gage s h o r t i n g  i s  be l ieved  t o  have been r e s t r i c t e d  t o  t h e  
a c c e l e r a t i o n  g a s  phase of t h e  expansion tube  flow, and t h e  t e s t  f low per iod  w a s  f ree  
of s h o r t i n g .  

However, most of 

From t h e  probable  s o u r c e s  of e r r o r s  d i scussed  i n  r e f e r e n c e  20, t h e  maximum 
u n c e r t a i n t y  i n  measured h e a t - t r a n s f e r  ra te  along t h e  most windward r a y  i s  b e l i e v e d  t o  
be less t h a n  10 p e r c e n t ,  and t h e  rate a long  the most leeward r a y  i s  b e l i e v e d  t o  be 
less than  15 p e r c e n t .  This  l a r g e r  u n c e r t a i n t y  on t h e  leeward r a y  is due t o  t h e  lower 
v a l u e s  of h e a t i n g  on t h i s  r a y  when t h e  model is  a t  i n c i d e n c e ,  r e s u l t i n g  i n  lower gage 
o u t p u t  and l a r g e r  s i g n a l - t o - n o i s e  ra t io .  Also, r e l a t i v e l y  l a r g e  o s c i l l a t i o n s  i n  t h e  
h e a t - t r a n s f e r  rate t i m e  h i s t o r i e s  were observed on t h e  leeward s i d e ,  p a r t i c u l a r l y  a t  
t h e  h i g h e r  a n g l e s  of a t t a c k ,  and were a t t r i b u t e d  t o  t h e  f low e s t a b l i s h m e n t  p r o c e s s  
and p o s s i b l e  unsteady n a t u r e  of t h e  v o r t e x  system r e s u l t i n q  from cross-f low separa-  
t i o n .  Other  f a c t o r s  t h a t  may c o n t r i b u t e  to  the o v e r a l l  u n c e r t a i n t y  i n  t h e  p r e s e n t  
h e a t - t r a n s f e r  d a t a  are d i s c u s s e d  i n  appendix C. 

Shock shape.- The shock detachment d i s t a n c e  from t h e  model s u r f a c e  w a s  read 
manual ly  from t h e  s c h l i e r e n  photographs u s i n g  a d i g i t i z i n g  system having a s e n s i -  
t i v i t y  of 100 c o u n t s  p e r  2.54 mm. The maximum u n c e r t a i n t y  i n  measured shock de tach-  
ment d i s t a n c e  is probably less than  5 p e r c e n t .  

~ - -  Flow condi t ions . -  U n c e r t a i n t i e s  i n  t h e  measured and c a l c u l a t e d  nominal f r e e -  
stream and post-normal-shock f low c o n d i t i o n s  f o r  t h e  €our t e s t  g a s e s  depend p r i m a r i l y  
on: ( 1 )  t h e  p r e c i s i o n  a s s o c i a t e d  wi th  t h e  measurement of t h e  tube  w a l l  s t a t i c  
P r e s s u r e  pw, i n c i d e n t  shock v e l o c i t y  Us , , and p i  t o t  p r e s s u r e  p t r 2 ;  ( 2 )  t h e  run- 
to-run r e p e a t a b i l i t y  of t h e s e  q u a n t i t i e s ,  always a pr imary concern wi th  impulse-type 
fac i l i t i es ;  and ( 3 )  t h e  v a l i d i t y  of t h e  assumptions made concerning t h e  use of  these 
measurements. 

C a r e f u l  and f r e q u e n t  c a l i b r a t i o n s  of t h e  p r e s s u r e  t r a n s d u c e r s  demonstrated t h a t  
measured v a l u e s  of  pw and p t I 2  w e r e  a c c u r a t e  t o  w i t h i n  10 and 6 p e r c e n t .  Shock 
v e l o c i t y  U s , 1 o  i s  b e l i e v e d  t o  have been a c c u r a t e  t o  w i t h i n  2.5 p e r c e n t  ( r e f .  26) .  
Nomlnal v a l u e s  of measured pw and f o r  each t e s t  g a s  were obta ined  from 
c a l i b r a t i o n  t es t s  w i t h  a p i t o t - p r e s s u r e  survey rake  performed p r i o r  t o  t h i s  s t u d y  
(appendix  A )  and from tests wi th  t h e  b i c o n i c  models. Because t h e  d iameter  of t h e  
i n v i s c i d  t e s t  core w a s  m l y  7.5 t o  10.0 cm ( r e f s .  1 2  and 14 and appendix A ) ,  t h e  
r e l a t i v e l y  l a r g e  models p r o h i b i t e d  i n s t a l l a t i o n  of a p i t o t - p r e s s u r e  probe i n  t h e  
i n v i s c i d  t es t  core w i t h o u t  d i s t u r b i n g  t h e  model f low f i e l d .  Thus, t h e  nominal v a l u e  
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o f  p i t o t  p r e s s u r e  p r e s e n t e d  i n  table 1 f o r  each test  gas  w a s  i n f e r r e d  from p i to t -  
p r e s s u r e  surveys measured w i t h  n e a r l y  t h e  same H2 d r i v e r  c o n d i t i o n s  and t h e  same 
i n i t i a l  p r e s s u r e s  i n  t h e  i n t e r m e d i a t e  s e c t i o n  and t h e  a c c e l e r a t i o n  s e c t i o n  as for the 
tests wi th  the b i c o n i c  models. (See appendix A , )  This  procedure f o r  d e t e r m i n i n g  
f low c o n d i t i o n s  is t h e  same as t h a t  used i n  reference 26 for t h e  H e  d r i v e r .  

D a t a  s c a t t e r  between t h e  v a r i o u s  c a l i b r a t i o n  r u n s  and r u n s  w i t h  t h e  biconic 
models w a s  small (less than 8 p e r c e n t  f o r  pw and pt12 and 3.5 p e r c e n t  f o r  U s I l 0  1 
p r i m a r i l y  because of t h e  double-diaphragm mode of o p e r a t i o n .  (See appendix A . )  
Based on unpubl ished pressure d i s t r i b u t i o n s  measured on a sharp- leading-edge f l a t  
p la te  f o r  the f o u r  t es t  gases ,  t h e  assumption t h a t  p, = pw is  b e l i e v e d  v a l i d .  A s  
mentioned p r e v i o u s l y ,  t h e  p r e s e n t  f l o w  c o n d i t i o n s  f o r  each test gas corresponded to  
t h e  optimum f l o w  q u a l i t y  obtainable f o r  t h a t  gas .  One c r i t e r i o n  f o r  t h e  determina-  
t i o n  of the optimum f l o w  c o n d i t i o n ,  w a s  t h a t  the p i t o t  p r e s s u r e  be e s s e n t i a l l y  
c o n s t a n t  with run  t i m e .  A s  observed i n  r e f e r e n c e  29, t h e  v a r i a t i o n  i n  f low v e l o c i t y  
d u r i n g  t h e  t e s t  p e r i o d  i s  small  r e l a t i v e  t o  t h e  v a r i a t i o n  i n  p i t o t  p r e s s u r e .  T h i s  
implies t h e  f low v e l o c i t y  U, w a s  c o n s t a n t  w i t h  run  t i m e  f o r  t h e  p r e s e n t  s tudy .  The 
assump t i o n  t h a t  U, = U s I l 0  
based on t h e  f i n d i n g s  of r e f e r e n c e s  14 and 26. The s e n s i t i v i t y  of c a l c u l a t e d  f r e e -  
stream and post-normal-shoc; f low c o n d i t i o n s  ( i n c l u d i n g  s t a g n a t i o n - p o i n t  h e a t -  

) t o  t h e s e  u n c e r t a i n t i e s  i n  measured i n p u t s  are pre- t r a n s f e r  r a t e  of  a sphere  
s e n t e d  i n  t a b l e  3 and d i s c u s s e d  i n  r e f e r e n c e  26. (The s i g n  ( p o s i t i v e  or n e g a t i v e )  of 
t h e  u n c e r t a i n t y  i n  t h e  t h r e e  i n p u t s  w a s  s e l e c t e d  t o  y i e l d  t h e  maximum c o r r e s p o n d i n g  
u n c e r t a i n t y  i n  c a l c u l a t e d  f ree-s t ream Mach number and Reynolds number. From table 3, 
t h e  maximum u n c e r t a i n t y  i n  
u n c e r t a i n t y .  

i s  believed r e a s o n a b l e  f o r  t h e  p r e s e n t  f low c o n d i t i o n s ,  

‘sph 

is 8 percent, which is  a b o u t  t h e  e x p e r i m e n t a l  ‘sph 

C a l c u l a t e d  s t a g n a t i o n - p o i n t  h e a t - t r a n s f e r  ra te  of a sphere.-  Heat ing  d i s t r i b u -  

and as t h e  r a t i o  of s u r f a c e  h e a t - t r a n s f e r  ra te  to  p r e d i c t e d  s t a g n a t i o n - p o i n t  
t i o n s  on t h e  b i c o n i c s  are p r e s e n t e d  h e r e i n  i n  terms of t h e  f ree-s t ream S t a n t o n  number 

NSt, , 

The w a l l  en tha lpy  r e q u i r e d  to  compute NStIW cor responds  to  a w a l l  t empera ture  
equal to  300 K. Values of 
thermochemical e q u i l i b r i u m  c a l c u l a t i o n s  of r e f e r e n c e  30, i n  which 
c o r r e l a t e d  t o  provide  t h e  simple e x p r e s s i o n  

h e a t - t r a n s f e r  rate of a s p h e r e  wi th  r a d i u s  e q u a l  t o  t h e  b i c o n i c  nose r a d i u s  4/<sph* 
e 

f o r  t h e  f o u r  t e s t  g a s e s  were o b t a i n e d  from t h e  ‘sph e 
w a s  ‘sph 

o b t a i n e d  from t h i s  e q u a t i o n  and p r e s e n t e d  i n  table 2 cor respond t o  
‘sph 

Values  of ’ 
nominal values  of pt, and ht12, t h e  biconic nose r a d i u s  rn of  3.835 mm, and 
hw eva lua ted  a t  Tw = 300 K. Values of t h e  p r o p o r t i o n a l i t y  c o n s t a n t  K used are 
g iven  i n  t h e  fo l lowing  t a b l e :  

I G a s  I K ,  k g / ~ e c - m ~ / ~ - a t m l / ~  I 
H e  

A i r  
N2 

c02 

0.0797 
.1112 
.1113 
.1210 
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a i r  t o  t h a t  p r e d i c t e d  w i t h  
shows t h a t  t h e  Fay-Riddeii  

va lue  is approximate ly  8 p e r c e n t  h i g h e r  t h a n  equat ion  ( 1 ) .  There is a l s o  an  i n d i c a -  

o b t a i n e d  from o t h e r  s t u d i e s  ( r e f s .  32 and 3 3 ) .  Because r e f e r e n c e  30 i n c l u d e s  corre- 
l a t i o n s  f o r  a l l  f o u r  t e s t  g a s e s ,  it was. decided t o  use  j u s t  t h i s  one s o u r c e  f o r  

'sph 

p r e d i c t e d  with e q u a t i o n  ( 1 )  for N 2  and C 0 2  w i l l  be less t h a n  t h a t  
tion that ;sPh 

f o r  a l l  f o u r  t e s t  g a s e s  w a s  t h e  same. 'sph so t h e  procedure  f o r  o b t a i n i n g  

PREDICTION METHOD 

Heat ing d i s t r i b u t i o n s  were computed wi th  a computer code t h a t  s o l v e s  t h e  s t e a d y ,  
th ree-d imens iona l  "parabol ized"  Navier-Stokes (PNS) e q u a t i o n s  ( r e f s .  15 and 1 6 ) .  
T h i s  code, o b t a i n e d  from t h e  l a t e  John V. Rakich of t h e  NASA Ames Research C e n t e r ,  
r e q u i r e s  s u p e r s o n i c  f low above t h e  boundary l a y e r  i n  t h e  downstream marching direc- 
t i o n  from t h e  s t a r t i n g  p lane  of d a t a  a t  o r  i n  f r o n t  of t h e  sphere-cone j u n c t i o n .  
( T h i s  s t a r t i n g  p l a n e  of d a t a  i s  determined from t h e  Navier-Stokes s o l u t i o n  over  a 
sphere  by u s i n g  t h e  f in i te -volume,  adapt ive-gr id  a l g o r i t h m  d e s c r i b e d  i n  r e f .  34.) 
The bow shock i s  t r e a t e d  as a d i s c o n t i n u i t y  by u s i n g  t h e  Rankine-Hugoniot r e l a t i o n s .  
A t o t a l  of 50 p o i n t s  are taken  between t h e  shock and t h e  s u r f a c e  a long  an  axis-normal  
c o o r d i n a t e ,  and t h e  number of p o i n t s  i n  t h e  boundary l a y e r  i s  v a r i e d  with a n g l e  of 
a t t a c k  t o  a c c o u n t  f o r  t h e  t h i n n i n g  of t h e  boundary l a y e r .  

The PNS code h a s  been modified t o  i n c l u d e  t h e  s t r a i g h t - b i c o n i c  and bent-nose- 
b i c o n i c  geometr ies ,  and i n c r e a s e d  c i r c u m f e r e n t i a l  r e s o l u t i o n  was added ( r e f .  1 7 ) .  
Also added w a s  t h e  c a p a b i l i t y  of computing rea l -gas  e f f e c t s  of C, H, H e ,  0, and N 
systems by c o u p l i n g  t h e  v e c t o r i z e d  chemical  e q u i l i b r i u m  code of r e f e r e n c e  35 w i t h  a 
var iable-effect ive-gamma (VEG) c a p a b i l i t y  w i t h i n  t h e  PNS code. T h i s  VEG o p t i o n  
u t i l i z e s  t h e  u n d e r l y i n g  p e r f e c t - g a s  code s t r u c t u r e  t o  perform equi l ibr ium-gas  ca lcu-  
l a t i o n s ;  t h e  program is d e s c r i b e d  i n  r e f e r e n c e  17 .  Gamma i s  d e f i n e d  i n  t h e  VEG 
o p t i o n  as t h e  r a t i o  of e n t h a l p y  t o  t h e  i n t e r n a l  energy of t h e  g a s  mixture  r e f e r e n c e d  
t o  0 K. T h i s  PNS code w a s  a p p l i e d  t o  t h e  s t r a i g h t  b i c o n i c  and t o  t h e  bent-nose 
b i c o n i c  i n  H e  and to  t h e  s t r a i g h t  b i c o n i c  i n  a i r  over  t h e  p r e s e n t  range of a n g l e s  of 
a t t a c k .  The nominal f low c o n d i t i o n s  f o r  H e  and a i r  t a b u l a t e d  i n  table 2 w e r e  used as 
i n p u t  to  t h e  PNS code. 

RESULTS AND DISCUSSION 

Because t h e  d a t a  provide  t h e  o p p o r t u n i t y  t o  compare measurement wi th  p r e d i c t i o n  
from v a r i o u s  p e r f e c t - g a s  and rea l -gas  f l o w - f i e l d  computer codes and because it is 
d i f f i c u l t  t o  e x t r a c t  d a t a  from f i g u r e s ,  t h e  measured h e a t - t r a n s f e r  rates f o r  b o t h  
b i c o n i c  models i n  a l l  f o u r  t e s t  gases  are presented  i n  t a b l e s  4 to  11. Appendix D 
c o n t a i n s  d i s c u s s i o n s  a b o u t  f low e s t a b l i s h m e n t  over t h e  models, model s u r f a c e  condi-  
t i o n s  ( c a t a l y t i c  3r n o n c a t a l y t i c ) ,  f low chemistry ( e q u i l i b r i u m  or n o n e q u i l i b r i u m ) ,  
and v i s c o u s  e f f e c t s .  

E f f e c t  of Nose Bend 

Bending t h e  fore-cone s e c t i o n  upward r e l a t i v e  t o  t h e  a f t -cone  section p r o v i d e s  
aerodynamic advantages  ( r e f s .  2 and 3 )  because nf t h e  asymmetry, b u t  a t  an  expec ted  
p e n a l t y  of h i g h e r  h e a t i n g  rates on t h e  fore-cone s e c t i o n .  To examine t h e  e f f e c t  of 
t h i s  nose bend, h e a t i n g  d i s t r i b u t i o n s  f o r  t h e  bent-nose b i c o n i c  are compared w i t h  
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t h o s e  f o r  t h e  s t r a i g h t  b i c o n i c  i n  f i g u r e s  7 t o  9 €or var ious  a n g l e s  of a t t a c k .  
L o n g i t u d i n a l  h e a t i n g  d i s t r i b u t i o n s  a l o n g  t h e  most windward and most leeward r a y s  a re  
shown f o r  H e  i n  f i g u r e  7 and f o r  a i r  i n  f i g u r e  8. The r a t i o  of windward h e a t -  
t r a n s f e r  c o e f f i c i e n t  f o r  t h e  bent-nose b i c o n i c  t o  t h a t  f o r  t h e  s t r a i g h t  b i c o n i c  i s  
shown i n  f i g u r e  9 f o r  a l l  f o u r  t e s t  gases .  

N a t u r a l l y ,  a t  zero inc idence  ( f i g s .  7 ( a )  and 8 ( a ) ) ,  h i g h e r  h e a t i n g  o c c u r s  a l o n g  
t h e  m o s t  windward r a y  ( 4  = 180O) of t h e  fore-cone and lower h e a t i n g  o c c u r s  a l o n g  t h e  
m o s t  leeward r a y  ( 0  = 0 ' )  because of t h e  nose bend. The nose bend c a u s e s  a d e c r e a s e  
i n  t h e  windward af t -cone  h e a t i n g  f o r  a i r  ( f i g .  8 ( a ) ) ,  i n d i c a t i n g  q u a l i t a t i v e  agree-  
ment w i t h  t h e  pressure d i s t r i b u t i o n s  of r e f e r e n c e  8 f o r  Mach 6 ideal  a i r .  (The nose 
bend r e s u l t e d  i n  a r e d u c t i o n  of s u r f a c e  p r e s s u r e  a long  t h e  most windward r a y  of t h e  
a f t - c o n e  by 10 t o  15 p e r c e n t  a t  z e r o  i n c i d e n c e  i n  r e f e r e n c e  8.) T h i s  d e c r e a s e  i n  
windward af t -cone  h e a t i n g  f o r  a i r  ,is a t t r i b u t e d  t o  t h e  l a r g e r  expansion a t  t h e  junc- 
t i o n  of t h e  fore-cone and af t -cone  f o r  t h e  bent-nose b i c o n i c .  However, such a 
d e c r e a s e  i n  af t -cone h e a t i n g  is  n o t  observed €or H e  ( f i g .  7 ( a ) ) .  The d e c r e a s e  i n  
windward h e a t i n g  due t o  t h i s  expansion a t  t h e  fore-cone/af t -cone j u n c t i o n  cor responds  
roughiy w i t h  t h e  s u r f a c e  i n c l i n a t i o n  change; t h a t  i s ,  between t h e  last gage on t h e  
fore-cone and t h e  f i r s t  gage on t h e  a f t -cone ,  
t h e  s t r a i g h t  b i c o n i c  ( s u r f a c e  i n c l i n a t i o n  change of 5.8O) and approximately t w i c e  
t h i s  f o r  t h e  bent-nose b i c o n i c  (change of 12.8O, or roughly t w i c e  t h a t  of t h e  
s t r a i g h t  b i c o n i c )  f o r  a l l  f o u r  tes t  gases .  

NSt oo d e c r e a s e s  a b o u t  1.3 t o  1.5 f o r  

A t  z e r o  i n c i d e n c e  ( f i g s .  7 ( a )  and 8 ( a ) ) ,  t h e  nose bend c a u s e s  a l a r g e r  v a r i a t i o n  
i n  h e a t i n g  with z/L on t h e  most leeward r a y  of t h e  fore-cone,  a smaller v a r i a t i o n  
on t h e  af t -cone,  and a d e c r e a s e  i n  leeward h e a t i n g  l e v e l  by a f a c t o r  of t w o  to  t h r e e  
f o r  a l l  t es t  gases .  When a is  i n c r e a s e d  t o  4 O  ( n o t  shown), cor responding  t o  t h e  
leeward side of t h e  bent-nose b i c o n i c  be ing  n e a r l y  s h i e l d e d  from t h e  f ree-s t ream 
flow, t h e  leeward h e a t i n g  d i s t r i b u t i o n s  f o r  t h e  t w o  b i c o n i c s  begin  t o  converge w i t h  
i n c r e a s i n g  d i s t a n c e  from t h e  nose t i p .  A t  a = 12O ( f i g s .  7 ( b )  and 8 ( b ) ) ,  corre- 
sponding to  the leeward s i d e  of t h e  s t r a i g h t  b i c o n i c  b e i n g  a lmost  s h i e l d e d  from t h e  
f r e e - s t r e a m  flow and t h e  bent-nose biconic b e i n g  f u l l y  s h i e l d e d ,  leeward h e a t i n g  
s t i l l  decreases w i t h  i n c r e a s i n g  x/L €or t h e  s t r a i g h t  b i c o n i c  b u t  increases w i t h  
z/L f o r  t h e  bent-nose b iconic .  These t r e n d s  c a u s e  t h e  leeward h e a t i n g  d i s t r i b u t i o n s  
f o r  t h e  t w o  b i c o n i c s  to  c r o s s  a t  about  40 p e r c e n t  of t h e  body l e n g t h .  A t  a = 20°, 
t h e  leeward h e a t i n g  a l o n g  t h e  fore-cone and t h e  a f t -cone  of t h e  bent-nose b i c o n i c  
exceeds t h a t  for t h e  s t r a i g h t  b i c o n i c  i n  a i r  and, f o r  t h e  most p a r t ,  i n  H e .  S i m i l a r  
t r e n d s  w e r e  observed f o r  t h e  o t h e r  g a s e s  and are c o n s i s t e n t  w i t h  leeward cross-flow 
s e p a r a t i o n  (e.g. ,  r e f s .  8 t o  10 and 36 to  381, as d i s c u s s e d  i n  t h e  n e x t  section. 

A s  shown i n  f i g u r e  9,  where t h e  windward h e a t i n g  f o r  t h e  bent-nose b i c o n i c  non- 
dimensional ized by t h a t  € o r  t h e  s t r a i g h t  b i c o n i c  is p l o t t e d  as a f u n c t i o n  of d i s t a n c e  
f r o m  t h e  nose t i p ,  the p e n a l t y ,  or i n c r e a s e ,  i n  windward fore-cone h e a t i n g  because  
of t h e  nose bend d iminishes  r a p i d l y  wi th  i n c r e a s i n g  a n g l e  of a t t a c k .  For example, 
t h e  i n c r e a s e  i n  windward fore-cone h e a t i n g  because  of t h e  nose bend i s  about a f a c t o r  
of 1.7 t o  2.0 a t  a = Oo f o r  t h e  f o u r  test  g a s e s  ( f i g .  9 ( a ) ) ;  however, t h i s  f a c t o r  
i s  only  about  1.1 t o  1.2 a t  a = 20' ( f i g .  9 ( c ) ) ,  which is t h e  d e s i g n  t r i m  a n g l e  of 
a t t a c k  f o r  the bent-nose b i c o n i c  ( r e f s .  2 and 3 ) .  T h i s  r e l a t i v e l y  modest p e n a l t y  i n  
windward fore-cone h e a t i n g  a t  t h e  d e s i g n  t r i m  a n g l e  of a t t a c k  should  be of i n t e r e s t  
to  t h e  des igner  of t h i s  type o r  similar t y p e s  of b i c o n i c  v e h i c l e s .  Another p o i n t  of  
i n t e r e s t  t o  t h e  d e s i g n e r  s i z i n g  t h e  thermal  p r o t e c t i o n  system f o r  such a h i c o n i c  
v e h i c l e  is  the decrease i n  windward a f t - c o n e  h e a t i n g  caused by t h e  nose bend, s i n c e  
t h e  a f t -cone  s u r f a c e  a r e a  r e p r e s e n t s  roughly 60 p e r c e n t  of t h e  t o t a l  s u r f a c e  area. 
Thus, t h e  p e n a l t y  i n  thermal  p r o t e c t i o n  system weight  because of t h e  i n c r e a s e  i n  
windward fore-cone h e a t i n g  r e s u l t i n g  from t h e  nose bend is p a r t i a l l y  o f f s e t  by a 
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r e d u c t i o n  i n  windward af t -cone  h e a t i n g ,  A t  a = Oo ( f i g .  9 ( a ) ) ,  t h e  nose bend 
Causes a d e c r e a s e  i n  windward a f t - c o n p  h e a t i n g  f o r  a i r ,  N- 2nd Pn-i whereas t h e  
h e a t i n g  f o r  H e  i s  e s s e n t i a l l y  u n a f f e c t e d  by the  bend. T h i s  d e p a r t u r e  of windward 
af t -cone  h e a t i n g  i n  H e  from t h e  o t h e r  t es t  gases  may be p r i m a r i l y  due t o  t h e  lower 
v a l u e s  of t h e  r a t i o  of s p e c i f i c  h e a t  y with in  t h e  shock l a y e r  f o r  t h e s e  g a s e s  as 
compared wi th  H e .  A lower va lue  of y is expected t o  cause  a l a r g e r  expansion a t  
t h e  j u n c t i o n  and, hence,  a lower af t -cone  s u r f a c e  p r e s s u r e  ( r e f .  10)  and h e a t  
t r a n s f e r .  A t  a = 12O and 20° ( f i g s .  9 ( b )  and 9 ( c ) ) ,  windward h e a t i n g  on t h e  a f t -  
cone of t h e  bent-nose b i c o n i c  is  less t h a n  t h e  s t r a i q h t  b i c o n i c  f o r  a l l  t e s t  g a s e s .  
I n  g e n e r a l ,  t h e  d i f f e r e n c e  i n  windward af t -cone h e a t i n g  between t h e  two b i c o n i c s  a t  
a g iven  a n g l e  of a t t a c k  is less than  10 percent  f o r  H e .  T h i s  r e l a t i v e  independence 
of windward af t -cone  h e a t i n g  t o  nose bend i n  H e  ( y  = 1.67) is i n  q u a l i t a t i v e  agree-  
ment w i t h  t h e  p e r f e c t  a i r  ( y  = 1.40) p r e s s u r e  d i s t r i b u t i o n s  p r e s e n t e d  i n  r e f e r e n c e s  8 
and 9. 

L' ---- --2 

E f f e c t  of Angle of Attack 

The e f f e c t  of a n g l e  of a t t a c k  on h e a t i n g  f o r  t h e  b i c o n i c s  i n  a i r  i s  p r e s e n t e d  i n  
f i g u r e s  10 and 1 1 .  Heat ing on t h e  windward ray i n c r e a s e s  o r d e r l y  wi th  a n g l e  of 
a t t a c k  f o r  bo th  b i c o n i c s  and a l l  t es t  g a s e s  (as  e x p e c t e d ) ,  b u t  t h e  r e l a t i v e  e f f e c t  
of ci on h e a t i n g  d e c r e a s e s  w i t h  i n c r e a s i n g  a ( f i g s .  1 0 ( a )  and 1 l ( a ) ) .  For t h e  
p r e s e n t  range o f  a (Oo < a < 2 0 ° ) ,  t h e  windward h e a t i n g  f o r  t h e  bent-nose b i c o n i c  
i n c r e a s e s  roughly by a f a c t o r  of two on t h e  fore-cone and by a f a c t o r  of t h r e e  t o  
f o u r  on t h e  a f t -cone  ( f i g .  1 2 ) .  Heating along t h e  midmeridian r a y  ( 4  = 90°)  on t h e  
a f t -cone  of t h e  s t r a i g h t  b i c o n i c  i s  n e a r l y  c o n s t a n t  over 0' < a < 20' f o r  a i r  t e s t  
g a s  ( f i g .  1 3 ) .  T h i s  t r e n d  is  i n  agreement with t h e  p r e s s u r e  d i s t r i b u t i o n s  measured 
a long  t h i s  r a y  a t  Mach 6 i n  i d e a l  a i r  ( r e f s .  8 and 9 )  and wi th  h e a t - t r a n s f e r  measure- 
ments on cones (e .g . ,  r e f .  3 9 ) .  The s e n s i t i v i t y  of windward h e a t i n g ,  f o r  a g iven  
v a l u e  of x/L o r  z/L, t o  a n g l e  of a t t a c k  f o r  both b i c o n i c s  i n  a i r  i s  shown i n  
f i g u r e  1 4 ( a )  i n  terms of t h e  fore-cone a n g l e  of a t t a c k  af and af t -cone  a n g l e  of 
a t t a c k  aa. ( 9  = a for  s t r a i g h t  b i c o n i c  and af = a + 11 f o r  bent-nose b i c o n i c ;  
t h e  a f t -cone  a n g l e  of a t t a c k  a, = a f o r  both b i c o n i c s . )  Reasonably good agreement 
i n  windward h e a t i n g  is  observed f o r  t h e  fore-cone of t h e  two b i c o n i c s ,  as expec ted ,  
and t h e  v a r i a t i o n  of h e a t i n g  w i t h  a n g l e  of a t t a c k  i s  n e a r l y  l i n e a r .  The a f t -cone  
h e a t i n g  v a r i e s  l i n e a r l y  w i t h  a n g l e  of a t t a c k  f o r  both b i c o n i c s ,  b u t  t h e  h e a t i n g  is 
less f o r  t h e  bent-nose b i c o n i c  because of t h e  l a r g e r  flow expansion a t  t h e  j u n c t i o n .  

The e f f e c t  of a n g l e  of a t t a c k  on leeward h e a t i n g  i s  n o t  n e a r l y  as o r d e r l y  a5 on 
t h e  windward side ( f i g s .  1 0 ( b )  and l l ( b ) ) .  Leeward h e a t i n g  i n i t i a l l y  d e c r e a s e s  a s  
a i s  i n c r e a s e d  f r o m  Oo b u t  reaches  a p o i n t  where it t h e n  i n c r e a s e s  wi th  i n c r e a s i n g  
a. T h i s  t r e n d ,  which w a s  observed for a l l  t es t  g a s e s ,  is i l l u s t r a t e d  i n  f i g u r e  1 4 ( b )  
rOr both b i c o n i c s  i n  a i r .  When p r e s e n t e d  i n  t h i s  manner, t h e  a n g l e  of a t t a c k  a t  
which a change i n  t h e  t r e n d  o c c u r s  f o r  a given x/L or z/L becomes more apparent .  

I 

1 For example, t h e  leeward h e a t i n g  on t h e  af t -cone !x/L = 0 .78 )  of t h e  s t r a i g h t  b i c o n i c  ' d e c r e a s e s  w i t h  i n c r e a s i n g  a up to  a = 12O b u t  t h e n  i n c r e a s e s  f o r  a > 12'. T h i s  
i n c r e a s e  i n  leeward h e a t i n g  w i t h  i n c r e a s i n g  a is  probably  due t o  c ross - f low 
s e p a r a t i o n  and t h e  format ion  of l o n g i t u d i n a l  v o r t i c e s .  The o i l - f l o w  p a t t e r n s  of 
r e f e r e n c e s  Y and 10 show t h a t  a " s t a g n a t i o n - l i n e "  t y p e  of f low is c r e a t e d  on t h e  most 
leeward r a y  by t h e  mutual a c t i o n  of c o u n t e r r o t a t i n g  l o n g i t u d i n a l  v o r t i c e s  t h a t  
r e a t t a c h  on t h i s  ray .  For t h e  l o w  Reynolds numbers of t h i s  s t u d y ,  t h e  leeward 
s e p a r a t e d  f low should  be f r e e  of any secondary v o r t i c e s  ! r e f s .  10 and 40). The 
r e a t t a c h m e n t  of t h e  pr imary v o r t e x  r e s u l t s  i n  t h e  h e a t i n g  on t h e  most leeward r a y  
b e i n g  h i g h e r  t h a n  j u s t  o f f  t h i s  ray ,  a s  i s  e v i d e n t  from t h e  c i r c u m f e r e n t i a l  h e a t i n g  
d i s t r i b u t i o n  shobx i n  f i g u r e  15 f o r  t h e  s t r a i g h t  b i c o n i c  a t  a = 12" and from t h e  ~ 
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d a t a  of r e f e r e n c e  41. From f i g u r e  1 4 ( b ) ,  t h e  v a r i a t i o n  of leeward h e a t i n g  on t h e  
fore-cone i s  s imilar  f o r  t h e  t w o  b i c o n i c s ,  wi th  t h e  h e a t i n g  i n c r e a s i n g  f o r  af > 15O. 
However, t h e  nose bend c a u s e s  leeward c ross - f low s e p a r a t i o n  t o  occur  a t  a l o w e r  a n g l e  
of a t t a c k  on t h e  a f t -cone ,  thereby  r e s u l t i n g  i n  h i g h e r  leeward h e a t i n g  f o r  t h e  bent -  
nose b i c o n i c  a t  a > I O 0 .  The v a r i a t i o n  of t h e  r a t i o  of windward h e a t i n g  t o  leeward 
h e a t i n g  wi th  a n g l e  of a t t a c k  i s  r e l a t i v e l y  small € o r  t h e  bent-nose b i c o n i c  once t h e  
leeward flow s e p a r a t e s  ( f i g .  l l ( c ) ) .  For t h i s  case ( a  > 4 ' )  i n  a i r ,  t h e  €ore-cone 
windward h e a t i n g  i s  10 t o  15 times t h e  leeward h e a t i n g ,  b u t  on t h e  a f t -cone  t h e  wind- 
ward h e a t i n g  is only  3 t o  5 times t h a t  of t h e  leeward h e a t i n g .  T h i s  r a t i o  €or t h e  
s t r a i g h t  b i c o n i c  ( f i g .  l O ( c ) )  is  e s s e n t i a l l y  c o n s t a n t  a long  t h e  l e n g t h  of t h e  model 
as long as the  f low remains a t t a c h e d  ( i . e .  , a C 8 O ) .  

The e f f e c t  of a n g l e  of a t t a c k  on measured shock shape is shown i n  f i g u r e  16 f o r  
Shqck detachment d i s t a n c e  on t h e  windward s i d e  of t h e  t h e  bent-nose b i c o n i c  i n  C 0 2 .  

fore-cone i s  q u i t e  small, r e l a t i v e l y  i n s e n s i t i v e  t o  a n g l e  of a t t a c k  f o r  4 O  < a < 2 0 ° ,  
and f ree  of any i n f l e c t i o n s  t h a t  might r e s u l t  from t h e  overexpansion of t h e  f l o w  from 
t h e  s p h e r i c a l  nose t o  t h e  €ore-cone. (Close i n s p e c t i o n  of t h e  s c h l i e r e n  photographs 
f o r  bo th  b i c o n i c s  shows t h a t  a s l i g h t  i n f l e c t i o n  may occur  a t  x/L or z/L of a b o u t  
0.14 f o r  C 0 2  and  af < 1 1 O . )  The leeward detachment d i s t a n c e  i s  more s e n s i t i v e  t o  
a n g l e  of a t t a c k  and i n c r e a s e s  wi th  i n c r e a s i n g  a. Downstream of t h e  i n f l e c t i o n  i n  
t h e  windward shock due t o  t h e  f low expansion a t  t h e  fore-cone/af t -cone j u n c t i o n ,  t h e  
detachment d i s t a n c e  d e c r e a s e s  wi th  i n c r e a s i n g  a. A t  a = 12O, t h e  windward shock i s  
n e a r l y  p a r a l l e l  to  t h e  a f t -cone  s u r f a c e ,  whereas a t  a = 20° ,  t h e  shock s l a n t s  inward 
toward t h e  s u r f a c e .  T h i s  inward s l a n t  i m p l i e s  a d e p a r t u r e  from cone- l ike  f low char-  
ac te r i s t ics  over  t h e  a f t -cone  and w a s  observed p r e v i o u s l y  i n  tests performed i n  a 
c o n v e n t i o n a l  wind t u n n e l  wi th  a t e s t  gas  having a l o w  v a l u e  of y ( r e f .  10 ) .  

E f f e c t  of T e s t  G a s  

Measured shock shapes f o r  t h e  f o u r  t e s t  g a s e s  are p r e s e n t e d  i n  f i g u r e  17 for t h e  
bent-nose b i c o n i c  a t  a = 4 O .  The f a c t  t h a t  t h e  shock detachment d i s t a n c e  f o r  b l u n t  
b o d i e s  i n  continuum ( i .e . ,  h igh  Reynolds number regime) hypersonic  f lows correlates 
i n  terms of a s i n g l e  parameter  For t h i s  
t y p e  of f low,  t h e  detachment d i s t a n c e  d e c r e a s e s  w i t h  i n c r e a s i n g  d e n s i t y  r a t i o .  T h i s  
d e c r e a s e  i n  shock detachment d i s t a n c e  wi th  i n c r e a s i n g  p2/p, (or  d e c r e a s i n g  yeff 
( r e f .  2 6 )  or d e c r e a s i n g  y w i t h i n  t h e  shock l a y e r )  a l so  o c c u r s  f o r  t h e  r e l a t i v e l y  
s l e n d e r  b i c o n i c  models ( f i g .  1 7 ) ,  as expec ted .  The e f f e c t  of d e n s i t y  r a t io  ( o r  of 
y e f f )  on t h e  shock detachment d i s t a n c e  d i m i n i s h e s  w i t h  i n c r e a s i n g  a n g l e  of a t t a c k  on 
t h e  windward and leeward s i d e s ;  t h a t  i s ,  a lesser e f f e c t  of p2/p, on windward shock 
detachment  d i s t a n c e  o c c u r s  as t h e  e f f e c t i v e  body ( 9  + a )  becomes b l u n t e r .  The t r e n d  
on t h e  leeward s i d e  i s  due t o  t h e  shock i n c l i n a t i o n  downstream of t h e  nose r e g i o n  
becoming more dependent  on Mach number a t  t h e  h i g h e r  a ( r e f .  8 ) .  

p2/p, i s  w e l l  known (e.g. ,  see r e f .  26) .  

Shock shapes measured on t h e  bent-nose b i c o n i c  i n  real-air  are compared i n  f i g -  
u r e  1 8  wi th  those  measured on a l a r g e r  scale model a t  Mach 6.0 i n  i d e a l  a i r  ( r e f s .  8 
and 9 )  and a t  Mach 6.3 i n  CF4 ( r e f .  1 0 ) .  The d e n s i t y  r a t i o  f o r  CF4 i s  close to  t h a t  
f o r  t h e  p r e s e n t  r e a l - a i r  r e s u l t s  (p2/p, = 1 1 . 8  i n  CF4 and 11 .1  i n  a i r )  , whereas t h e  
d e n s i t y  r a t i o  €or t h e  Mach 6.0 i d e a l - a i r  f low is 5.3. It  should be noted t h a t  y is 
c o n s t a n t  throughout  t h e  shock l a y e r  f o r  t h e  ideal-air r e s u l t s  of r e f e r e n c e s  8 and 9 
and i s  n e a r l y  c o n s t a n t  f o r  t h e  CF4 r e s u l t s  of r e f e r e n c e  10. 
o f  y v a r i e s  w i t h i n  t h e  shock l a y e r  f o r  r ea l  a i r  and is h i g h e r  t h a n  t h e  v a l u e  of y 
f o r  CF4. ( T y p i c a l l y ,  t h e  e q u i l i b r i u m  v a l u e  of y i n  a i r  is 1.16 on t h e  windward 
s i d e  of t h e  fore-cone and 1.19 on t h e  windward s i d e  of t h e  a f t - c o n e ;  

The e q u i l i b r i u m  v a l u e  

y f o r  CF4 i s  
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I 1 . I  2 on t h e  windward s i d e  of t h e  fore-cone and 1.1 3 on t h e  windward s i d e  of t h e  a f t -  

are  i n  good agreement over  t h e  fore-cone (windward and leeward) ,  b u t  t h e  detachment 
d i s t a n c e  f o r  C F ~  is somewhat less than  t h a t  f o r  real  a i r  downstream of t h e  j u n c t i o n .  
I n  t h e  r e g i o n  over  t h e  a f t -cone ,  t h e  real-air shock t e n d s  t o  converge toward t h e  
ideal-air shock. This  t r e n d  is expected because of t h e  l o w e r  y f o r  CF4 i n  t h i s  
r e g i o n  b u t  may a lso be i n  p a r t  due t o  possible nonequi l ibr ium flow downstream of t h e  
j u n c t i o n  i n  a i r .  S i m i l a r  t r e n d s  are observed a t  a = 20° ( f i g .  1 8 ( b ) ) .  A t  t h i s  
h i g h e r  a, t h e  windward shock over  t h e  af t -cone i s  e s s e n t i a l l y  para l le l  t o  t h e  
s u r f a c e  f o r  bo th  real  a i r  and CF4. 

1 cone,! At Q = 00 (fig. ?E?(2!!, t h e  c?etach!?ler?t c?ista.?ce fer real a i r  and fer f -p 4 

Measured h e a t i n g  on t h e  s p h e r i c a l  nose t i p  of t h e  s t r a i g h t  b i c o n i c  a t  a = 0’ 
is d i s c u s s e d  b e f o r e  p r e s e n t i n g  t h e  e f f e c t  of t e s t  gas on t h e  h e a t i n g  d i s t r i b u t i o n s  
a l o n g  t h e  c o n i c  s e c t i o n s .  The measured s t a g n a t i o n - p o i n t  h e a t - t r a n s f e r  c o e f f i c i e n t  
w a s  c o n s t a n t  t o  w i t h i n  6 p e r c e n t  over t h e  t i m e  i n t e r v a l  100 t o  200 p s e c  f o r  a l l  tes t  
g a s e s ,  and t h e  s u r f a c e  tempera ture  Tw a t  t = 200 p s e c  ranged from 425 K for C 0 2  
to  540 K f o r  a i r .  As d i s c u s s e d  p r e v i o u s l y ,  these  values of s u r f a c e  tempera ture  
exceed t h e  range f o r  which t h e  gages were c a l i b r a t e d ;  however, t h e  c a l i b r a t i o n s  are 
b e l i e v e d  v a l i d  f o r  e x t r a p o l a t i o n  t o  a t  l eas t  505 K ( r e f .  201, which c o v e r s  t h e  range 

’ of Tw f o r  a l l  t e s t  g a s e s  e x c e p t  air .  Comparisons of t h e  measured r e s u l t s  w i t h  I p r e d i c t i o n s  based on classic boundary-layer theory ( r e f s .  30 and 31 1, on t h e  s o l u t i o n  
of  t h e  Navier-Stokes e q u a t i o n s  ( r e f .  341, and on a n  empirical e x p r e s s i o n  ( r e f .  33) 

1 a r e  p r e s e n t e d  i n  t h e  fo l lowing  table: 

Class ic  boundary-layer Navier-Stokes 
t h e o r y  e q u a t i o n s  T e s t  

g a s  

- 
H e  
A i r  

N2 
c02 

E m p i r i c a l  
e x p r e s s i o n  t, 

p s e c  

- 
160 
120 
140 
160 

( a )  

1.16 
1.22 
1.20 

.84 

Ci- 

9 t , 2  

%, 2 

q t ,  2 

qt, 2 

b *  

C *  

d *  

( b )  ( C )  ( d )  

1.07 
1 . I 1  1.01 1.10 
1.12 1 . I 6  

.74 

- 

TW, 
K 

- 
468 
47 1 
476 
408 - 

‘t , 2,  m’ 

MW/m 
2 

29.3 
38.5 
33.5 
18.2 

P r e d i c t e d  v a l u e s  based on - 

‘t, 2 , m  I ’  ‘t, 2 , m  

from r e f e r e n c e  30. 

from r e f e r e n c e  31. 

from r e f e r e n c e  34. 

from r e f e r e n c e  33. 

The i n p u t s  r e q u i r e d  f o r  t h e s e  p r e d i c t i o n s  correspond to  t h e  va lues  of 
above and t o  t h e  nominal f low c o n d i t i o n s  presented  i n  t a b l e  2 ,  which are based on t h e  
assumpt ion  of thermochemical e q u i l i b r i u m .  

d i f f e r e n c e s  are a t t r i b u t e d  p r i m a r i l y  to  t h e  e f f e c t s  of v o r t i c i t y  and v i s c o s i t y .  A s  

Tw t a b u l a t e d  

with t h e  e x c e p t i o n  of C 0 2 ,  measurement 
1 exceeds  p r e d i c t i o n  from classic boundary-layer t h e o r y  by 10 to  20 p e r c e n t .  These 
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d i s c u s s e d  i n  appendix D,  boundary-layer t h e o r i e s  u n d e r p r e d i c t  s t a g n a t i o n - p o i n t  
h e a t i n g  f o r  t h e  p r e s e n t  range of R 

n v o r t i c i t y  and t h e  i n t e r a c t i o n  of t h e  boundary l a y e r  and t h e  o u t e r  i n v i s c i d  f l o w  are 
s i g n i f i c a n t .  The r e l a t i v e l y  good agreement between measured s t a g n a t i o n - p o i n t  h e a t i n g  
and v a l u e s  p r e d i c t e d  wi th  a code t h a t  accounts  f o r  v i scous  i n t e r a c t i o n  e f f e c t s  
(Navier-Stokes code of re f .  34) a l s o  i m p l i e s  t h a t  v i scous  e f f e c t s  are t h e  pr imary 
c a u s e  of t h e  d i f f e r e n c e s .  Other  phenomena t h a t  may i n f l u e n c e  t h e  p r e s e n t  comparisons 
are nonequi l ibr ium f low ef fec ts  and s u r f a c e  c a t a l y t i c  e f f i c i e n c y .  N e i t h e r  of t h e s e  
phenomena a r e  of concern for  H e  b u t  may be f o r  t h e  o t h e r  t e s t  g a s e s ,  p a r t i c u l a r l y  
C02.  MACOR glass-ceramic i s  expected t o  have a very  low c a t a l y t i c  e f f i c i e n c y ,  and 
s i n c e  each nose t i p  w a s  t e s t e d  only  one t i m e ,  t h e  s u r f a c e  w a s  uncontaminated. Thus, 
s u r f a c e  c a t a l y t i c  e f f i c i e n c y  should n o t  be a s i g n i f i c a n t  c o n t r i b u t o r  t o  t h e  observed I 

d i f f e r e n c e s  i n  s t a g n a t i o n - p o i n t  h e a t i n g .  The r e s u l t s  of r e f e r e n c e  26 show t h a t  t h e  
flow i n  t h e  s t a g n a t i o n  r e g i o n  for  a i r ,  N 2 ,  and C 0 2  t e s t  g a s e s  w i l l  be i n  nonequi l ib-  
rium o r  p o s s i b l y  f r o z e n ,  which w i l l  lower t h e  h e a t i n g .  The comparisons f o r  a i r  and 
N2 imply t h a t  any e f f e c t  of nonequi l ibr ium f low on s t a g n a t i o n - p o i n t  h e a t i n g  i s  small 
f o r  t h e  p r e s e n t  t e s t  c o n d i t i o n s .  T h i s  may n o t  be t h e  case, however, f o r  C02.  The  
above comparisons f o r  C02 may i n d i c a t e  t h a t  t h e  e f f e c t s  of f low chemis t ry  dominate 
over  v i scous  e f f e c t s .  

/ ( ~ , / p , ) ~  because shock-induced e x t e r n a l  
2 , r  

1 

I n  examining t h e  e f f e c t s  of nose bend and angle  of a t t a c k  on h e a t i n g  d i s t r i b u -  
t i o n s ,  d i f f e r e n c e s  i n  Mach number, Reynolds number, d e n s i t y  r a t io  ( o r  y) ,  and w a l l -  
t empera ture  r a t i o  Tw/Tt, are n o t  cons idered  e x p l i c i t l y .  However, because t h e  
expansion tube was opera ted  t o  y i e l d  t h e  h i g h e s t  q u a l i t y  f low f o r  each t e s t  g a s  and 
M, and R, were n o t  matched f o r  t h e  f o u r  g a s e s  (see t a b l e  21, t h e s e  f o u r  q u a n t i t i e s  
must be considered i n  any a t t e m p t  t o  deduce t h e  e f f e c t  of test  g a s  on h e a t i n g .  For 
example, a l though v a l u e s  Of R m  for  H e ,  a i r ,  and C02 are r e l a t i v e l y  close, R, f o r  
N 2  i s  o n l y  ha l f  a s  l a r g e .  

I 
i Heating d i s t r i b u t i o n s  f o r  t h e  f o u r  t es t  g a s e s  are p r e s e n t e d  i n  two forms. A s  

i s  commonly used i n  t h e  p r e s e n t a t i o n  of d i s t r i b u t i o n s ,  t h e  measured h e a t - t r a n s f e r  
r a t e  i s  nondimensionalized by t h e  c a l c u l a t e d  ( r e f .  30) thermochemical e q u i l i b r i u m  
s t a g n a t i o n - p o i n t  h e a t - t r a n s f e r  r a t e  of a s p h e r e  having a r a d i u s  e q u a l  to  t h e  s p h e r i -  

's h 
c a l  nose; t h a t  is ,  h e a t i n g  d i s t r i b u t i o n s  are p r e s e n t e d  as 6/<sph* (Values  of 
a r e  presented  i n  table  2 f o r  t h e  f o u r  t e s t  g a s e s . )  
b l u n t  cones have been c o r r e l a t e d  reasonably  w e l l  o v e r  a range of Mach numbers and 
Reynolds numbers by us ing  a v i s c o u s - i n t e r a c t i o n  parameter  v* (e .g . ,  refs. 42 and 
431, t h i s  form i s  a l s o  used. The v i s c o u s - i n t e r a c t i o n  parameter  i s  d e f i n e d  as 
Mm(C*/Rm,L)1~2, where C* z p*Tm/pmT* and t h e  r e f e r e n c e  tempera ture  T* used h e r e i n  

A s  d i s c u s s e d  i n  r e f e r e n c e  42, c o r r e l a t i o n  of h e a t i n g  r e s u l t s  i n  terms of v* i s  
l i m i t e d  by cone h a l f - a n g l e ,  Mach number, and y. Because t h e  r a t i o  N /;* t e n d s  
t o  account  f o r  t h e  e f f e c t s  of Mach number (e.g., t h e  h e a t i n g  d i s t r i b u t i o n  f o r  b l u n t  
cones w a s  observed i n  r e f .  42 t o  be independent  of Mach number when expressed  i n  
terms of v * ) ,  Reynolds number, and wal l - tempera ture  r a t i o  on h e a t i n g ,  it is used for 
t h e  f o u r  tes t  gases .  To account  f o r  d i f f e r e n c e s  i n  t h e  d e n s i t y  ra t ios  between t h e  
v a r i o u s  tes t  g a s e s ,  Nst,,/;* is  m u l t i p l i e d  by t h e  d e n s i t y  r a t i o  p2/p, raised t o  a 1 

power. 

I 
I 

Because laminar  h e a t i n g  r a t e s  f o r  

- 

1 
i s  t h a t  suggested by Cheng ( r e f .  44) f o r  b l u n t  cones,  T* = ( T  t , 2  /6) [ I  + 3Tw/Tt,21 

S t r m  

- 

Heating d i s t r i b u t i o n s  Xsph for t h e  f o u r  t e s t  g a s e s  are p r e s e n t e d  i n  
f i g u r e  19 f o r  t h e  s t r a i g h t  b i c o n i c  and i n  f i g u r e  20 f o r  t h e  bent-nose b i c o n i c .  As 
expected,  d i f f e r e n c e s  occur  between t h e  h e a t i n g  d i s t r i b u t i o n s  f o r  t h e  v a r i o u s  g a s e s .  
For example, 6/4sph on t h e  fore-cone of the s t r a i g h t  b i c o n i c  a t  a = Oo 
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( f i g .  1 9 ( a ) )  is  n e a r l y  t h e  same for  a i r ,  N 2 ,  and C02 b u t  is  lower for  H e .  
f i o w  expands a t  t h e  to re-conejaf t -cone  j u n c t i o n ,  tne d e c r e a s e  i n  n e a r i n g  t o  izhe a f t -  
cone for  C02 i s  g r e a t e r  t h a n  t h a t  €or t h e  o t h e r  t w o  g a s e s ,  and %ph f o r  C02 

approaches t h a t  f o r  H e .  
y e f f e c t s ,  a l though nonequi l ibr ium f low e f f e c t s  may a l s o  c o n t r i b u t e  t o  t h e  lower 
h e a t i n g  on t h e  af t -cone.  
a = 12' 
w i t h  i n c r e a s i n g  a ,  e s p e c i a l l y  on t h e  fore-cone. Heat ing d i s t r i b u t i o n s  on t h e  lee- 
ward s i d e  e x h i b i t  t h e  same t r e n d  as those  observed on t h e  windward s i d e  a t  a = 12', 
b u t  t h e  h e a t i n g  r a t io  f o r  C02 i s  less t h a n  f o r  t h e  o t h e r  g a s e s  a t  
B a s i c a l l y ,  t h e  same t r e n d s  i n  4/4sph are observed €or t h e  bent-nose b i c o n i c  
( f i g .  20) as are observed f o r  t h e  s t r a i g h t  b iconic .  One n o t a b l e  e x c e p t i o n  is t h a t  

on 
"sph 
of t h e  a f t -cone  f o r  a l l  a n g l e s  of a t t a c k .  A s  with t h e  s t r a i g h t  b i c o n i c ,  
t h e  leeward s i d e  of t h e  bent-nose b i c o n i c  f o r  a i r  and f o r  N2 e i t h e r  a g r e e s  wi th  or 
exceeds v a l u e s  f o r  H e .  An i n t e r e s t i n g  f e a t u r e  f o r  CO i s  t h a t  t h e  windward af t -cone  
h e a t i n g  d i s t r i b u t i o n s  a t  t h e  h i g h e r  a n g l e s  of a t t a c k  iecrease monotonical ly  immedi- 
a t e l y  downstream of t h e  j u n c t i o n ,  b u t  t h e n  i n c r e a s e  i n  t h e  d i r e c t i o n  of t h e  base. 
S c h l i e r e n  photographs of t h e  bent-nose b i c o n i c  i n  C02 ( f i g .  6 )  r e v e a l e d  t h a t  t h e  
shock over  t h e  a f t -cone  on t h e  windward s i d e  s l a n t e d  back toward t h e  model s u r f a c e  i n  
t h e  r e g i o n  of t h e  base. T h i s  minimum i n  h e a t i n g  on t h e  windward s i d e  of t h e  a f t -cone  
is  b e l i e v e d  t o  be c h a r a c t e r i s t i c  of f lows  wi th  l o w  y because it is  observed i n  
p r e s s u r e  d i s t r i b u t i o n s  measured a t  Mach 6 i n  CF4 ( y e f f  = 1.13) b u t  n o t  a t  Mach 6 i n  
a i r  ( y  = 1 .40)  ( r e f .  1 0 ) .  The minimum i n  p r e s s u r e  on t h e  a f t -cone  w a s  a l s o  p r e d i c t e d  
for  CF4 from a p e r f e c t - g a s ,  i n v i s c i d  f low-f ie ld  code w i t h  yeff as t h e  i n p u t ,  as 
d i s c u s s e d  i n  r e f e r e n c e  10, and a minimum i n  af t -cone h e a t i n g  w a s  p r e d i c t e d  i n  refer- 
ence  3 f o r  C02 a t  Mach 30. 

A s  t h e  

T h i s  l a r g e r  expansion f o r  C02 i s  probably  p r i m a r i l y  due t o  

The same t r e n d s  i n  windward 4/4sph are observed a t  
and a t  a = 20°, b u t  t h e  d i f f e r e n c e s  i n  4hsph  between t e s t  g a s e s  d e c r e a s e  

a = 20'. 

f o r  co2 is  l o w e r  t h a n  f o r  t h e  o t h e r  qases on t h e  windward and leeward s i d e s  

{/4sph 

Another o b s e r v a t i o n  from f i g u r e s  19 and 20 concerns  t h e  p o s s i b l e  e f f e c t  of free- 
stream Reynolds number on h e a t i n g .  Although va lues  of f ree-s t ream Mach number, f r e e -  
stream r a t i o  of s p e c i f i c  h e a t s ,  and normal-shock d e n s i t y  r a t io  f o r  a i r  and f o r  N 2  a r e  
close ( w i t h i n  7 p e r c e n t ) ,  t h e  free-stream Reynolds number of a i r  is 75 p e r c e n t  
g r e a t e r  t h a n  t h a t  of N2. 
agreement for t h e  p r e s e n t  range of a n g l e s  of a t t a c k  ( f igs .  19 and 2 0 ) ;  however, 
d i f f e r e n c e s  occur  i n  t h e  leeward hea t ing .  These r e s u l t s  imply an  absence of s i g n i f i -  
c a n t  Reynolds number e f f e c t s  on windward h e a t i n g  b u t  a n  i n c r e a s e  i n  leeward h e a t i n g  
w i t h  i n c r e a s i n g  Reynolds number a t  t h e  h i g h e r  a n g l e s  of a t t a c k .  T h i s  f i n d i n g  i s  i n  
q u a l i t a t i v e  agreement w i t h  r e f e r e n c e  39. Because t h e  p r e s e n t  s t u d y  was n o t  con- 
t r o l l e d  t o  e x p l i c i t l y  examine t h e  e f f e c t s  of Reynolds number, t h e  i m p l i c a t i o n  of a 
dependence of leeward h e a t i n g  on Reynolds number must be viewed as a c o n j e c t u r e .  I t  

f a c e  o i l - f l o w  patterns w a s  observed on t h e  l a r g e r  scale models of t h e s e  b i c o n i c s  a t  
a n g l e s  of a t t a c k  s u f f i c i e n t  t o  cause  cross-flow s e p a r a t i o n  ( r e f .  1 0 ) .  A s  d i s c u s s e d  
i n  r e f e r e n c e  45, vortex-induced h e a t i n g  i s  extremely s e n s i t i v e  t o  Reynolds number. 
Thus,  it is n o t  s u r p r i s i n g  t o  f i n d  a corresponding Reynolds number e f f e c t  on t h e  
leeward h e a t i n g .  

The windward h e a t i n g  i n  a i r  and i n  N2 i s  g e n e r a l l y  i n  good 

- ~ - . . i a  L- --&-a L -------- L L - A  - -L---- : - . c i , . - - - -  -.c ~ ~ . . . . ~ i a -  *rr.ml-rnr 3-,- ~nD. .v3)Ya 
.3II"UIU "L ,,ULCU, I I V Y I C Y C L  , U'aL a 3 L L U l ' Y  *,,l..Lu~/..u.- "L ..L~..V'"U ..-.I.--& --- 

Windward h e a t i n g  rates f o r  t h e  f o u r  t e s t  gases  are shown i n  f i  u r e s  21 and 22 
fo r  t h e  s t r a i g h t  b i c o n i c  and bent-nose b i c o n i c  i n  terms of (p2/p,) NSt,,/V* as 
a f u n c t i o n  of x/L or z/L. w i t h  f e w  except ions ,  t h e  a i r ,  N 2 ,  and H e  r e s u l t s  are 
i n  f a i r l y  good agreement  for  both  b i c o n i c s  and 0' < a < 20°, p a r t i c u l a r l y  on t h e  
aft-COne. 
number e f f e c t s  are p r c p e r l y  accounted f o r )  because of t h e  s imilar i t ies  i n  y w i t h i n  

4/4 

T h i s  good agreement between a i r  and N2 i s  expec ted  (provided  Reynolds 
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t h e  shock layer ,  i n  Mach number, and i n  wal l - temperature  r a t i o  f o r  t h e s e  two gases .  
Although t h e  agreement between t h e s e  two gases  and H e  is  encouraging,  t h e  parameter  

J;* does n o t  encompass a l l  t h e  phys ics  and chemis t ry  of t h e  p r e s e n t  ( p 2 / p m )  S t ,  
f low c o n d i t i o n s ,  a s  i n d i c a t e d  by t h e  d i f f e r e n c e s  between C 0 2  and t h e  o t h e r  t h r e e  t e s t  
g a s e s .  The r e s u l t s  f o r  C02 are c o n s i s t e n t l y  lower t h a n  f o r  t h e  o t h e r  g a s e s ,  sugges t -  
i n g  t h a t  ( 1 )  Mach number e f f e c t s  are n o t  p r o p e r l y  accounted f o r ,  ( 2 )  a g r e a t e r  
s e n s i t i v i t y  of h e a t  t r a n s f e r  t c ?  y e x i s t s  a t  t h e  low v a l u e s  of y f o r  co2, and 
( 3 )  l a r g e  nonequilibrium flow e f f e c t s  e x i s t  f o r  C02.  

' l 4 N  

An engineer ing  method sometimes used t o  p r e d i c t  windward h e a t  t r a n s f e r  i s  t h e  
e f f e c t i v e  cone method. With t h i s  method, sur face- f low p r o p e r t i e s  a long  t h e  most 
windward r a y  of a cone a t  i n c i d e n c e  are approximated wi th  a n o t h e r  cone of t h e  same 
b l u n t n e s s  having a n  e f f e c t i v e  cone a n g l e  O e f f  e q u a l  t o  8 + a. This  method does 
n o t  p r o p e r l y  account  f o r  three-dimensional  e f f e c t s ,  which are o f t e n  q u i t e  s t r o n g  f o r  
laminar  boundary l a y e r s ,  and tends  to  u n d e r p r e d i c t  t h e  windward h e a t i n g  (e.9. , 
r e f s .  46 and 4 7 ) .  Never the less ,  t h i s  concept  of  eeff i s  used f o r  t h e  p r e s e n t  a i r  

by s i n  O e f f  and p l o t t e d  as a f u n c t i o n  of x/L. T h i s  form w a s  s e l e c t e d  because 
p r e v i o u s  s t u d i e s  (e .g . ,  48) have shown t h a t  when cone d a t a  are expressed  as 
NStIm/sin 8,  t h e  d a t a  e x h i b i t  a r e l a t i v e l y  smal l  dependence on 
s t r a i g h t  b i c o n i c  a r e  shown i n  f i g u r e  2 3 ( a )  and t h e  e f f e c t i v e  cone a n g l e  O e f f  i s  
e q u a l  t o  + a f o r  t h e  fore-cone and + a f o r  t h e  a f t -cone .  For a > 4O, t h e  
fore-cone da ta  c o r r e l a t e  reasonably  w e l l ,  a s  do t h e  a f t -cone  d a t a  f o r  a > 4O. The 
f o l l o w i n g  curve f i t  e x p r e s s i o n  f o r  t h e  p r e s e n t  d a t a  

- 
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8. R e s u l t s  f o r  t h e  

NSt,oJ = [;* s i n  8eff/(p2/p,)'/4] L4.355 - 5.970(x/L) + 3.128(x/Ll21 

p r e d i c t s  t h e  windward h e a t i n g  f o r  a i r ,  and H e  t o  w i t h i n  10 p e r c e n t  on both t h e  
fore-cone and af t -cone  of t h e  s t r a i g h t  b i c o n i c  ( f i g .  2 3 ( a ) ) .  This  e x p r e s s i o n  a l s o  
p r e d i c t s  windward h e a t i n g  on t h e  fore-cone of t h e  bent-nose biconic  i n  a i r ,  H e ,  and 
N 2  f o r  0' < a < 20° ,  where O e f f  = Of + a + q; however, it t e n d s  to  o v e r p r e d i c t  
windward h e a t i n g  on t h e  a f t -cone  ( f i g .  2 3 ( b ) ) .  A corresponding  approximation of 
windward af t -cone  h e a t i n g  f o r  t h i s  bent-nose b i c o n i c  f o r  a > O o  is  g iven  by t h e  
e x p r e s s i o n  

N 2 ,  

N S t , -  = [;* s i n  8 e f f  / (p2/pm)l /4]  f4.252 - 6.832(z/L)  + 3.958(z/Ll21 ( 3  

I t  must be emphasized t h a t  t h e s e  e x p r e s s i o n s  (eqs. ( 2 )  and ( 3 ) )  are l i m i t e d  t o  
t h e  p r e s e n t  h y p e r v e l o c i t y  f low c o n d i t i o n s ,  which i n v o l v e  h i g h  w a l l  c o o l i n g  and ,  
because of the small model s i z e ,  possible v i s c o u s  e f f e c t s  and nonequi l ibr ium f low 
e f f e c t s .  These e x p r e s s i o n s  are a l s o  l i m i t e d  t o  t h e  p r e s e n t  model geometr ies  because  
t h e y  are based on f ree-s t ream flow c o n d i t i o n s  i n s t e a d  of f low c o n d i t i o n s  w i t h i n  t h e  
shock l a y e r  ( i .e . ,  l o c a l  f low c o n d i t i o n s ) .  For t h e s e  r e a s o n s ,  e q u a t i o n s  ( 2 )  and (3) 
must be used with c a u t i o n .  

There a re  no e s t a b l i s h e d  e n g i n e e r i n g  methods for  p r e d i c t i n g  h e a t  t r a n s f e r  on t h e  
?n a t t e m p t  t o  
qa/ca=o w a s  

leeward r a y  of cones o r  b i c o n i c s  a t  a n g l e s  of a t t a c k  ( r e f s .  3 and 4 6 ) .  
c o r r e l a t e  leeward h e a t i n g  f o r  cones w a s  made i n  r e f e r e n c e  46, i n  which 
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p l o t t e d  as a f u n c t i o n  of a/8. Although reasonable  c o r r e l a t i o n  e x i s t e d  f o r  a / 8  < 1 ,  

a s  t h e  leeward f low s e p a r a t e d  f o r  a /8  > 1 .  With t h i s  approach, leeward h e a t i n g  
rates f o r  both b i c o n i c s  i n  a i r  tes t  gas  are shown i n  f i g u r e  24, i n  which 

For t h e  s t r a i g h t  b i c o n i c  and qa'qa=O, s t r a i g h t  
f o r  t h e  a f t -cone  of t h e  bent-nose b i c o n i c ,  aeff = a; f o r  t h e  fore-cone of t h e  bent-  
nose b i c o n i c ,  Good agreement with t h e  c o r r e l a t i o n  of r e f e r e n c e  46 i s  
observed f o r  a e f f / 8  < 1 .  The agreement worsens f o r  aeff/O > 1 ;  however, t h e  fore-  
cone and a f t - c o n e  leeward h e a t i n g  for  t h e  s t r a i g h t  b i c o n i c  and t h e  fore-cone h e a t i n g  
f o r  t h e  bent-nose b i c o n i c  c o r r e l a t e  reasonably w e l l .  

I .  

corresponding t o  a t t a c h e d  leeward f l o w ,  a w i d e  divzrgeixc i:: R 1- &ser17P_d 
'I a' 'I a=O 

. .  
i s  p l o t t e d  as a f u n c t i o n  of aef f /8 .  

aeff = a + n. 

Comparison w i t h  P r e d i c t i o n  

The p a r a b o l i z e d  Navier-Stokes code descr ibed  i n  t h e  s e c t i o n  e n t i t l e d  " P r e d i c t i o n  
Method" w a s  used t o  provide  comparisons wi th  measured shock shapes and h e a t i n g  d i s -  
t r i b u t i o n s  i n  H e  and a i r .  Measured and p r e d i c t e d  windward shock detachment d i s t a n c e s  
ape p r e s e n t e d  i n  f i g u r e  25 f o r  t h e  s t r a i g h t  b i c o n i c  i n  H e  a t  a = 1 2 O ,  and t h e  agree-  
ment i s  e x c e l l e n t  over  t h e  fore-cone. Measured and p r e d i c t e d  h e a t i n g  d i s t r i b u t i o n s  
i n  H e  are p r e s e n t e d  i n  f i g u r e  26 f o r  t h e  s t r a i g h t  b i c o n i c  and i n  f i g u r e  27 f o r  t h e  
bent-nose b i c o n i c .  Although t h e  q u a l i t a t i v e  agreement between measurement and pre-  
d i c t i o n  for  H e  i s  g e n e r a l l y  good, t h e  q u a n t i t a t i v e  agreement i s  r e l a t i v e l y  poor. For 
example, t h e r e  i s  a 10- t o  15-percent  d i f f e r e n c e  i n  h e a t i n g  f o r  t h e  s t r a i g h t  b i c o n i c  
a t  a = 0' ( f i g .  2 6 ( a ) ) ,  and t h i s  d i s p a r i t y  i n c r e a s e s  t o  20 t o  35 p e r c e n t  a t  
a = 20' ( f i g .  2 6 ( d ) ) .  Comparisons of h e a t i n g  d i s t r i b u t i o n s  f o r  t h e  s t r a i g h t  b i c o n i c  
i n  a i r  ( f i g .  28) show bet ter  agreement t h a n  observed f o r  H e  ( f i g .  261, e x c e p t  f o r  
leeward h e a t i n g  a t  a = 1 2 O .  The PNS code was run  with a c o n s t a n t  w a l l  t empera ture  
of 324 K i n  H e  and 312 K i n  a i r .  (Measured w a l l  t empera tures  are shown i n  t a b l e s  4,  
6, 8, and IO.) One case was r e p e a t e d  i n  a i r  f o r  a = 20° u s i n g  a w a l l  t empera ture  
of 360 K, which is more r e p r e s e n t a t i v e  of t h e  measured w a l l  t empera ture  on t h e  wind- 
ward r a y  of t h e  fore-cone. A s  can be i n f e r r e d  from f i g u r e  2 8 ( d ) ,  t h i s  w a l l  temper- 
a t u r e  of 360 K i s  h igh  enough to  keep t h e  e f f e c t  of t h e  measured v a r i a t i o n  i n  w a l l  
t empera ture  on p r e d i c t e d  windward h e a t i n g  t o  w i t h i n  2 percent .  

The PNS code used does n o t  have t h e  c a p a b i l i t y  f o r  performing nonequi l ibr ium 
f low c a l c u l a t i o n s .  However, as d i s c u s s e d  p r e v i o u s l y ,  nonequi l ibr ium flow i s  expected 
i n  t h e  nose r e g i o n  and may p o s s i b l y  p e r s i s t  over t h e  c o n i c  s e c t i o n s .  A l i m i t i n g  case 
c a n  be performed w i t h  t h e  PNS code by assuming t h e  f ree-s t ream f low p r o p e r t i e s  a r e  
f r o z e n  across t h e  bow shock; t h a t  i s ,  y and t h e  molecular  weight  of t h e  mixture  are 
c o n s t a n t  w i t h i n  t h e  shock l a y e r  and e q u a l  t o  t h e  f ree-s t ream v a l u e s .  The case of t h e  
s t r a i g h t  b i c o n i c  i n  a i r  a t  a = 20° w a s  repea ted  w i t h  t h i s  assumption of f r o z e n  
f low,  and t h e  effects on h e a t i n g  a r e  shown i n  f i g u r e  Z B i d j  an6 tile e i i e c i s  U I I  shvck 
detachment d i s t a n c e  are shown i n  f i g u r e  29. The e q u i l i b r i u m  and f r o z e n  f low c a l c u l a -  
t i o n s  bound t h e  shock shape data and most of t h e  windward h e a t i n g  d a t a .  The windward 
h e a t i n g  d i s t r i b u t i o n  on t h e  af t -cone f o l l o w s  t h e  t r e n d  of t h e  f r o z e n  flow c a l c u l a t i o n  
more c l o s e l y  t h a n  t h a t  of t h e  e q u i l i b r i u m  flow c a l c u l a t i o n  ( f i g .  2 8 ( d ) ) .  Measured 
shock detachment  d i s t a n c e  i s  closer to  t h e  f rozen  f low c a l c u l a t i o n  j u s t  downstream of 

cone/af t -cone j u n c t i o n  ( f i g .  29) .  The expansion a t  t h i s  j u n c t i o n  a f f e c t s  t h e  shock 
a t  x/L = 0.6, and t h e  measured shock detachment d i s t a n c e  f o l d s  down more s lowly than 
t h e  e q u i l i b r i u m  f low p r e d i c t i o n .  Althouqh the t r e n d s  of f i g u r e s  2 8 ( d )  and 29 s u g g e s t  
t h e  p r e s e n c e  of nonequi l ibr ium flow e f f e c t s ,  t h e  exper imenta l  u n c e r t a i n t i e s  prec lude  
any d e f i n i t e  c o n c l u s i o n  on t h i s  p o i n t .  

[lUw. *- Lt.- C,.r*- t h e  nose and a s y m p t o t i c a l l y  approacnes cne t y u i i i l r  iuat V C l l U t :  up LU LIIS L V L L  
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I n  reviewing t h e  h e a t - t r a n s f e r  comparisons of f i g u r e s  26 t o  28, i t  i s  d i s t u r b i n g  
t o  see t h a t  the agreement between measurement and p r e d i c t i o n  f o r  H e ,  which behaves as 
a n  i d e a l  g a s  f o r  t h e  p r e s e n t  c o n d i t i o n s ,  i s  n o t  as good as t h a t  for a i r .  The PNS 
code has  a c c u r a t e l y  p r e d i c t e d  windward h e a t i n g  ( w i t h i n  10 p e r c e n t )  on t h e s e  same 
b i c o n i c  models t e s t e d  i n  a convent iona l  wind t u n n e l  a t  Mach 10 i n  a i r  ( r e f .  491, and 
e x c e l l e n t  agreement w a s  ob ta ined  with t h e  h e a t i n g  d a t a  of r e f e r e n c e  50. The poorer  
agreement obta ined  h e r e i n  i s  b e l i e v e d  t o  be due t o  exper imenta l  e r r o r s  un iquely  
a s s o c i a t e d  with t h e  expansion tube o r  due t o  t h e  i n a b i l i t y  of t h e  PNS code t o  accu- 
r a t e l y  model t h e  flow f i e l d  f o r  t h e  p r e s e n t  low Reynolds number f low c o n d i t i o n s  or 
due t o  both .  P o t e n t i a l  s o u r c e s  of error i n  t h e  exper imenta l  t echnique  and i n  t h e  
computa t iona l  method a r e  d i s c u s s e d  i n  appendix C. 

CONCLUDING REMARKS 

Laminar h e a t i n g  d i s t r i b u t i o n s  have been measured i n  t h e  Langley Expansion Tube 
a t  hypersonic-hyperve loc i ty  f l o w  c o n d i t i o n s  on a 1.9-percent-qcale  mndel  nf a pro- 
posed a e r o a s s i s t e d  p l a n e t a r y  v e h i c l e .  T h i s  v e h i c l e  is  a s p h e r i c a l l y  b l u n t e d ,  
12.84'/7' b i c o n i c  with t h e  fore-cone b e n t  upward 7' r e l a t i v e  t o  t h e  a f t -cone;  a l s o  
t e s t e d  w a s  a s t r a i g h t  b i c o n i c  ( i .e . ,  12.84'/7' b i c o n i c  wi th  no nose bend) .  These 
tests w e r e  performed a t  f ree-s t ream v e l o c i t i e s  from 4.5 to  6.9 km/sec and Mach 
numbers from 6.0 to  9.0 with  H e ,  N 2 ,  a i r ,  and C 0 2  tes t  gases .  Angle of a t t a c k  w a s  
r e f e r e n c e d  t o  t h e  a x i s  of t h e  a f t -cone  of b o t h  b i c o n i c s  and w a s  v a r i e d  from 0' t o  
20'. The e f f e c t s  of nose bend, angle  of a t t a c k ,  and test  g a s  on h e a t i n g  d i s t r i b u -  
t i o n s  were examined along wi th  comparisons of measurements i n  H e  and a i r  wi th  pre-  
d i c t i o n s  from a code which so lved  t h e  three-dimensional  " p a r a b o l i z e d "  Navier-Stokes 
(PNS) equat ions .  

A s  expected,  t h e  7 O  nose bend caused a n  i n c r e a s e  i n  h e a t i n g  t o  t h e  windward s i d e  
of t h e  fore-cone a t  a g iven  a n g l e  of a t t a c k  as observed from comparisons of t h e  h e a t -  
i n g  d i s t r i b u t i o n s  on t h e  s t r a i g h t  and bent-nose b i c o n i c s ;  however, t h i s  increase was 
o n l y  10 t o  20 p e r c e n t  a t  t h e  d e s i g n  t r i m  a n g l e  of a t t a c k  of 20' f o r  t h e  bent-nose 
b i c o n i c .  Also impor tan t  t o  t h e  d e s i g n e r  i s  t h e  f a c t  t h a t  t h i s  nose bend caused a 
d e c r e a s e  i n  windward h e a t i n g  t o  t h e  a f t -cone .  (The af t -cone  s e c t i o n  r e p r e s e n t s  
approximately 60 p e r c e n t  of t h e  v e h i c l e  s u r f a c e . )  Aft-cone windward h e a t i n g  w a s  more 
s e n s i t i v e  t o  angle  of a t t a c k  than  w a s  fore-cone h e a t i n g ,  i n c r e a s i n g  f o r  t h e  bent-nose 
b i c o n i c  by a f a c t o r  of t h r e e  t o  f o u r  as t h e  a n g l e  of a t t a c k  w a s  i n c r e a s e d  from 0' t o  
20' compared with a f a c t o r  of two f o r  t h e  fore-cone.  Leeward h e a t i n g  i n i t i a l l y  
d e c r e a s e d  b u t  then i n c r e a s e d  wi th  i n c r e a s i n g  a n g l e  of a t t a c k .  T h i s  t r e n d  w a s  a t t r i b -  
u ted  t o  cross-f low s e p a r a t i o n  on t h e  leeward s i d e  when t h e  fore-cone a n g l e  of a t t a c k  
exceeds t h e  fore-cone ha l f -angle .  (The f low s e p a r a t i o n  r e s u l t e d  i n  t h e  format ion  of 
l o n g i t u d i n a l ,  c o u n t e r r o t a t i n g  pr imary v o r t i c e s  t h a t  r e a t t a c h e d  a l o n g  t h e  most leeward 
r a y ,  thereby  causing an  i n c r e a s e  i n  t h e  h e a t - t r a n s f e r  rate.)  The nose bend caused 
leeward c ross - f low s e p a r a t i o n  t o  occur a t  a lower a n g l e  of a t t a c k ,  d i m i n i s h i n g  t h e  
e f f e c t  of angle  of a t t a c k  on t h e  r a t i o  of windward h e a t i n g  t o  leeward h e a t i n g  f o r  t h e  
bent-nose b i c o n i c .  Once t h e  f l o w  s e p a r a t e d ,  windward h e a t i n g  w a s  10 t o  15 t i m e s  
h i g h e r  t h a n  leeward h e a t i n g  on t h e  fore-cone b u t  o n l y  3 t o  5 times h i g h e r  on t h e  a f t -  
cone. The ra t io  of windward h e a t i n g  t o  leeward h e a t i n g  f o r  t h e  s t r a i g h t  b i c o n i c  was 
e s s e n t i a l l y  c o n s t a n t  a long t h e  l e n g t h  of t h e  model when t h e  leeward f l o w  was 
a t t a c h e d .  

Although Mach number, Reynolds number, r a t i o  of w a l l  t e m p e r a t u r e  t o  t o t a l  
temperature ,  and normal-shock d e n s i t y  r a t io  (shock s t r e n g t h )  varied f o r  t h e  t e s t  
g a s e s ,  windward h e a t i n g  w a s  correlated r e a s o n a b l y  w e l l  for  a l l  t h e  t e s t  g a s e s  ( e x c e p t  
co2) i n  terms of the  d e n s i t y  ra t io ,  t h e  S t a n t o n  number, and a form of t h e  v iscous-  
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i n t e r a c t i o n  parameter.  Expressed i n  terms of t h e s e  paramete s, t h e  C02 h e a t i n g  

tes t  g a s e s ,  t h e  a f t -cone  h e a t i n g  i n  C02 i n c r e a s e d  i n  t h e  d i r e c t i o n  of t h e  base; t h i s  
t r e n d  w a s  a t t r i b u t e d  to  t h e  lower va lue  of y w i t h i n  t h e  shock l a y e r  f o r  C02. 

levels were cons is ten t l y  lever than t h e  cther t h r e e  gases. Unlike the ether three 

H e a t - t r a n s f e r  rates measured a t  t h e  s t a g n a t i o n  p o i n t  of t h e  small s p h e r i c a l  nose 
( r a d i u s  of 3.835 mm) i n  H e  (which behaved as an i d e a l  g a s )  and i n  a i r  were w i t h i n  10 
p e r c e n t  (exper imenta l  u n c e r t a i n t y )  of rates p r e d i c t e d  w i t h  a code t h a t  s o l v e s  t h e  
Navier-Stokes e q u a t i o n s .  S tagnat ion-poin t  h e a t - t r a n s f e r  rates measured i n  H e ,  a i r ,  
and N2 exceeded e q u i l i b r i u m ,  classic boundary-layer p r e d i c t i o n s  by 10 to  20 p e r c e n t ,  
and t h e s e  d i f f e r e n c e s  w e r e  a t t r i b u t e d  p r i m a r i l y  t o  t h e  e f f e c t s  of shock-induced 
e x t e r n a l  v o r t i c i t y  and t o  t h e  i n t e r a c t i o n  of the  boundary l a y e r  and t h e  o u t e r  
i n v i s c i d  flow. P r e d i c t e d  s t a g n a t i o n - p o i n t  h e a t i n g ,  however, exceeded measurement by 
a b o u t  20 p e r c e n t  f o r  C02, which may i n d i c a t e  t h a t  nonequi l ibr ium f low chemis t ry  
e f f e c t s  outweigh t h e  e f f e c t s  of v o r t i c i t y  and v i s c o u s  i n t e r a c t i o n .  (The r e s u l t s  of 
NASA TN D-7800 show t h e  f low i n  t h e  nose region f o r  a i r ,  N 2 ,  and C02 t e s t  g a s e s  was 
i n  nonequi l ibr ium and may have p o s s i b l y  been f rozen .  A l s o ,  t h e  assumption w a s  made 
t h a t  t h e  s u b s t r a t e s  w e r e  e s s e n t i a l l y  n o n c a t a l y t i c . )  The PNS code underpredic ted  
h e a t i n g  a long  t h e  m o s t  windward r a y  of both biconics i n  H e  f o r  t h e  p r e s e n t  range of  
a n g l e s  of a t t a c k ;  leeward h e a t i n g  w a s  a l s o  underpredic ted  a t  t h e  lower a n g l e s  of 
a t t a c k ,  b u t  t h e  code tended to  u n d e r p r e d i c t  fore-cone h e a t i n g  and t o  o v e r p r e d i c t  a f t -  
cone h e a t i n g  a t  h i g h e r  a n g l e s  of a t t a c k .  B a s i c a l l y ,  t h e  same t r e n d s  between measure- 
ment and p r e d i c t i o n  w e r e  observed i n  a i r .  Measured shock detachment d i s t a n c e  f o r  t h e  
s t r a i g h t  b i c o n i c  i n  a i r  f e l l  between e q u i l i b r i u m  and f r o z e n  f low c a l c u l a t i o n s ,  
implying t h e  shock l a y e r  f low may have been i n  nonequi l ibr ium.  

Langley Research Center  
N a t i o n a l  Aeronaut ics  and Space Adminis t ra t ion  
Hampton, VA 23665 
September 24, 1984 

19 



APPENDIX A 

EXPANSION-TUBE FLOW CHARACTERISTICS WITH A HYDROGEN DRIVER GAS 

A b a s i c  d i f f e r e n c e  between t h i s  s t u d y  and p r e v i o u s l y  r e p o r t e d  s t u d i e s  conducted 
i n  t h e  Langley Expansion Tube, from a f a c i l i t y  o p e r a t i o n  v iewpoin t ,  w a s  t h e  use  of 
hydrogen ( H 2 )  as t h e  d r i v e r  gas .  
used as t h e  d r i v e r  gas  f o r  f a c i l i t y  shakedown, and i t s  use  cont inued  u n t i l  r e c e n t l y .  
S e v e r a l  f a c t o r s  prompted use of an unheated H2 d r i v e r  g a s ,  even i n  t h e  face of t h e  
very  s t r i n g e n t  s a f e t y  requirements  t h a t  accompany i t s  use .  The major advantage 
o f f e r e d  by H2 w a s  a s u b s t a n t i a l  r e d u c t i o n  i n  t h e  h igh-pressure  p u l s e  t h a t  models are 
s u b j e c t e d  t o  fo l lowing  t h e  250- t o  300-psec t es t  f low p e r i o d  ( r e f .  1 2 ) .  Nominal 
o p e r a t i o n  with a H e  d r i v e r  corresponded t o  d r i v e r - g a s  p r e s s u r e s  of approximately 
33 MPa; t h u s ,  models were s u b j e c t e d  t o  a 14- to  17-MPa p u l s e  l a s t i n g  s e v e r a l  m i l l i -  
seconds ( r e f .  1 2 ) .  This  p u l s e  o f t e n  caused e x t e n s i v e  damage to  t h e  model and t o  t h e  
i n s t r u m e n t a t i o n .  Now,  t h e  i n t r o d u c t i o n  of very  small ,  f r a q i l e ,  f a s t - r e s p o n s e -  
semiconductor p r e s s u r e  t r a n s d u c e r s  (e .g. , r e f s .  51 and 52) brought  about  t h e  need t o  
d r a s t i c a l l y  reduce t h e  magnitude of t h i s  p u l s e .  A r e d u c t i o n  by a f a c t o r  of a b o u t  15 
w a s  ach ieved  ( w i t h  no a p p r e c i a b l e  sacr i f ice  i n  performance) by us ing  a H2 d r i v e r  g a s  
a t  a nominal p r e s s u r e  of 4.1 MPa, C o s t  b e n e f i t s  w e r e  a l s o  r e a l i z e d  wi th  H 2 ,  s i n c e  a 
s m a l l e r  q u a n t i t y  of d r i v e r  gas  was r e q u i r e d ,  H2 was less expensive than  H e ,  and 
t h i n n e r  s tee l  diaphragms were r e q u i r e d  f o r  H2 .  
b r a t e d  when hydrogen w a s  in t roduced  a s  t h e  d r i v e r  gas  f o r  t h e  e x i s t i n g  test  g a s e s  and 
f o r  N2 t e s t  gas as w e l l .  
r e s u l t s  of t h i s  c a l i b r a t i o n .  

Although designed f o r  H2 o p e r a t i o n ,  unheated H e  w a s  

N a t u r a l l y ,  t h e  f a c i l i t y  was recal i -  

The purpose of t h i s  appendix is to  p r e s e n t  a sample of t h e  

P i t o t - P r e s s u r e  P r o f i l e s  

Vertical  p i t o t - p r e s s u r e  p r o f i l e s  measured 5.6 c m  downstream of t h e  tube  e x i t  f o r  
H e ,  a i r ,  N2, and C 0 2  a r e  shown i n  f i g u r e  30 €or a t es t  t i m e  t of 200 p s e c .  These 
p r o f i l e s  w e r e  o b t a i n e d  w i t h  t h e  survey  rake  i l l u s t r a t e d  i n  r e f e r e n c e  26 and t h e  
p i t o t - p r e s s u r e  probe i l l u s t r a t e d  i n  r e f e r e n c e  14. T e s t  r e p e a t a b i l i t y  (a lways a 
pr imary concern with impulse-type f a c i l i t i e s ) ,  i n d i c a t e d  by c e n t e r l i n e  p i t o t  p r e s -  
s u r e s ,  was good ( w i t h i n  5 p e r c e n t )  f o r  H e ,  a i r ,  and N 2  and w a s  somewhat less  sat is-  
f a c t o r y  ( w i t h i n  8 p e r c e n t )  f o r  C02.  T h i s  p o o r e r  r e p e a t a b i l i t y  f o r  C 0 2  may have been 
i n  p a r t  due t o  t h e  d i f f i c u l t y  of r e p e a t i n g  and m a i n t a i n i n g  t h e  lower v a l u e  of 
q u i e s c e n t  a c c e l e r a t i o n  g a s  p r e s s u r e  required f o r  t h e  C 0 2  tests. 
d e f i n e d  as the r e l a t i v e l y  f l a t  s e c t i o n  of t h e  v e r t i c a l  p i t o t - p r e s s u r e  p r o f i l e  a b o u t  
t h e  tube  c e n t e r l i n e ,  f o r  which t h e  p i t o t  p r e s s u r e  w a s  w i t h i n  10 p e r c e n t  of t h e  
average  of the t h r e e  c e n t e r  probes.  The houndar ies  of t h e  t e s t  core were u n c e r t a i n  
i n  s e v e r a l  i n s t a n c e s  because of t h e  n a t u r e  of t h e  p i t o t - p r e s s u r e  d i s t r i b u t i o n s  and 
t h e  r e l a t i v e l y  l a r g e  survey-rake probe s p a c i n g  of 1.91 c m .  The tes t  core f o r  a l l  
f o u r  t e s t  gases  was approximately h a l f  t h e  expansion-tube d iameter  (7.62 c m ) .  For 
a i r ,  N 2 ,  and C 0 2 ,  t h e  product  R 2 , d ( p 2 / p m ) ’ / 2  (where R 2 , d  is t h e  Reynolds number 
behind a normal shock based on t h e  o u t s i d e  d i a m e t e r  of t h e  f l a t - f a c e d  p i t o t - p r e s s u r e  
probe)  was g r e a t e r  than 3000; hence,  p i t o t - p r e s s u r e  measurements i n  t h e  t e s t  core 
should have been f ree  from viscous  e f f e c t s  ( r e f .  5 3 ) .  Although t h i s  p r o d u c t  €or H e  
w a s  much smal le r  than f o r  t h e  o t h e r  g a s e s  ( R ~ , ~ ( P ~ / P , )  ’I2 = 1270 
r e s u l t s  of r e f e r e n c e  53 imply t h a t  measured p l t o t  p r e s s u r e  i n  H e  should  a lso have 
been e s s e n t i a l l y  f r e e  of v i s c o u s  e f f e c t s .  

The t es t  core w a s  

f o r  H e ) ,  t h e  

20 



APPENDIX A 

T e s t s  were performed with t h e  survey  rake l o c a t e d  3.1 and 18.3 c m  downstream of 
t h e  t u h e  exit.; t h i x  cover ing  t h e  a x i a l  r e q i o n  i n  w h i c h  t.he models w e r e  located., 
Sample r a d i a l  p i t o t - p r e s s u r e  p r o f i l e s  f o r  t h e  t w o  a x i a l  s t a t i o n s  a r e  shown i n  
f i g u r e  31 f o r  a i r .  These p r o f i l e s  show t h e  flow between t h e s e  t w o  a x i a l  s t a t i o n s  w a s  
f r e e  of any s i g n i f i c a n t  a x i a l  g r a d i e n t s .  A r a d i a l l y  and a x i a l l y  uniform t e s t  c o r e  
w a s  found to  e x i s t  f o r  each of t h e  p r e s e n t  tes t  g a s e s  over  t h e  r e g i o n  occupied by t h e  
mode Is. 

Heat-Transf er P r o f i l e s  

Complementary v e r t i c a l  p r o f i l e s  of t h e  h e a t - t r a n s f e r  ra te  measured a t  t h e  c e n t e r  
of 6.35-mm-diameter f l a t - f a c e d  q u a r t z  c y l i n d e r s  are shown i n  f i g u r e  32 f o r  a l l  f o u r  
test  g a s e s .  These p r o f i l e s  w e r e  measured a t  the same t w o  a x i a l  s t a t i o n s  as t h e  
p i t o t - p r e s s u r e  p r o f i l e s  ( x  = 3.1 and 18.3 c m )  and correspond t o  a run t i m e  of 
200 psec. A complete v e r t i c a l  survey a c r o s s  the e n t i r e  tube  e x i t  (from t o p  t o  
bot tom) w a s  n o t  ob ta ined  because s e v e r a l  shakedown runs  were made t h a t  r e s u l t e d  i n  a 
l i m i t e d  q u a n t i t y  of f l a t - f a c e d  q u a r t z  c y l i n d e r s .  This. i s  because each q u a r t z  
c y l i n d e r  t e s t e d  w a s  des t royed  d u r i n g  t h e  p o s t t e s t  p e r i o d .  Thus, on ly  8 c y l i n d e r s  
were used i n  t h e  13-probe rake so t h a t  surveys could  be measured f o r  a l l  4 g a s e s  a t  
b o t h  a x i a l  s t a t i o n s  wi th  t h e  e x i s t i n g  supply  of c y l i n d e r s .  With t h e  e x c e p t i o n  of N2, 
t h e  p r o f i l e s  of f i g u r e  32 show t h e  e x i s t e n c e  of a uniform t e s t  core having a d i a m e t e r  
approximate ly  h a l f  t h e  tube d iameter  o r  l a r g e r  and t h e  absence of s i g n i f i c a n t  a x i a l  
g r a d i e n t s  between t h e  t w o  a x i a l  s t a t i o n s .  There i s  an  i n d i c a t i o n  t h a t  a d e c r e a s e  i n  
t e s t - c o r e  d i a m e t e r  occur red  f o r  t h e  most downstream a x i a l  s t a t i o n .  The high v a l u e s  
of h e a t - t r a n s f e r  r a t io  q/qcL f o r  N 2  a t  t h e  most upstream s t a t i o n  may have been due 
t o  t h e  n a t u r e  of t h e  f low or t o  a l a r g e  u n c e r t a i n t y  i n  t h e  h e a t i n g  ra te  measured on 
t h e  tube  c e n t e r l i n e .  It  should be noted t h a t  a s imilar  t r e n d  was observed f o r  one 
o u t  of t h e  e i g h t  p i t o t - p r e s s u r e  survey  tests shown i n  f i g u r e  3 0 ( c ) .  

. .  

T e s t  R e p e a t a b i l i t y  

Run-to-run v a r i a t i o n  of t e s t - g a s  and a c c e l e r a t i o n - g a s  i n t e r f a c e  v e l o c i t y  a t  t h e  
tube  e x i t  U s , 1 o ,  tube w a l l  s t a t i c  p r e s s u r e  pw measured 1.7 m upstream of t h e  t u b e  
e x i t ,  and r a t i o  of tube  w a l l  s t a t i c  p r e s s u r e  t o  p i t o t  p r e s s u r e  
f i g u r e  33 f o r  a number of expansion-tube r u n s  i n  N 2 .  
C 0 2  t es t  g a s e s  are shown i n  r e f .  26 f o r  a H e  d r i v e r  g a s . )  
t a i n e d  d u r i n g  c a l i b r a t i o n  tests and tests with t h e  h i c o n i c  models. Values of p i t o t  
p r e s s u r e  cor respond t o  t h e  average of t h e  c e n t e r  t h r e e  p i t o t - p r e s s u r e  probes  of t h e  
survey  r a k e  used i n  t h e  c a l i b r a t i o n  tests. The t u b e  w a l l  s t a t i c  p r e s s u r e  and t h e  
P i t o t  p r e s s u r e  correspond to  a run t i m e  of 200 Usec. Data scatter i n  a l l  t h r e e  
measured f low q u a n t i t i e s  f o r  N2 i s  small. This smal l  degree  of d a t a  scat ter  i s  
a t t r i b u t e d  p r i m a r i l y  t o  t h e  double-diaphragm mode of o p e r a t i o n  used i n  t h i s  s t u d y ,  
t h e  s m a l l  l eakage  of t h e  f a c i l i t y  whi le  under vaciiilm, and t h e  c o n s c i e n t i o u s  e f f o r t  t o  
a c c u r a t e l y  r e p e a t  t h e  i n i t i a l  p r e s s u r e s  i n  the i n t e r m e d i a t e  s e c t i o n  and i n  t h e  
a c c e l e r a t i o n  s e c t i o n .  
t es t  g a s e s ,  nominal v a l u e s  of P,, p t I 2 ,  and " , , lc \  were o b t a i n e d  and used t o  
c a l c u l a t e  t e s t - s e c t i o n  f l o w  c o n d i t i o n s .  These nominal v a l u e s  are p r e s e n t e d  i n  
table 1 ,  i n  which t h e  run-to-run v a r i a t i o n s  about t h e  nominal v a l u e s  are a l s o  pre- 
s e n t e d .  Data scatter for  a l l  f o u r  t e s t  g a s e s  is q u i t e  small f o r  an  impulse f a c i l i t y ,  
and t h e s e  r e s u l t s  demonst ra te  t h a t  f low c o n d i t i o n s  f o r  t h i s  f a c i l i t y  may be 
a c c u r a t e l y  i n f e r r e d  from tests performed without  a measurement of t h e  p i t o t  p r e s s u r e ,  

pW/ptl2 are  shown i n  
( S i m i l a r  p l o t s  f o r  H e ,  a i r ,  and 

These r e s u l t s  w e r e  ob- 

From f i g u r e  33 f o r  N2 and similar p l o t s  f o r  t h e  o t h e r  t h r e e  
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such  as i n  the p r e s e n t  s tudy .  (See t h e  s e c t i o n  e n t i t l e d  "Data Reduction and 
Uncer ta in ty"  i n  t h i s  r e p o r t .  1 

The r e s u l t s  of t h i s  appendix show t h e  e x i s t e n c e  of an  a x i a l l y  and r a d i a l l y  
uniform test core for H e ,  a i r ,  N2, and C 0 2  t e s t  g a s e s  i n  t h e  Langley Expansion Tube 
w i t h  a H2 d r i v e r  gas. 
H e ,  8.9 c m  f o r  a i r  and N,, and 10.2 c m  f o r  C02. T e s t  r e p e a t a b i l i t y  was good f o r  a l l  
t e s t  g a s e s .  Comparison Gf flow c o n d i t i o n s  o b t a i n e d  w i t h  t h e  H2 d r i v e r  g a s  w i t h  t h o s e  
of r e f e r e n c e  26 f o r  a H e  d r i v e r  g a s  a t  e i g h t  t i m e s  t h e  p r e s s u r e  of t h e  H2 d r i v e r  g a s  
shows no loss i n  f a c i l i t y  performance occurred  wi th  t h e  lower p r e s s u r e  H2 d r i v e r  gas .  

The d iameter  of t h i s  test  core w a s  approximately 7.6 c m  f o r  
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COMPARISON OF THIN-FILM RESISTANCE HEAT-TRANSFER GAGES CONSISTING OF 

QUARTZ, PYREX GLASS, AND MACOR GLASS-CERAMIC SUBSTRATES 

Various f a c t o r s  t h a t  may c o n t r i b u t e  t o  t h e  u n c e r t a i n t y  i n  t h e  i n f e r r e d  h e a t -  
t r a n s f e r  rate from t h i n - f i l m  r e s i s t a n c e  gages a r e  d i s c u s s e d  i n  r e f e r e n c e  20. One of 
t h e  more s i g n i f i c a n t  f a c t o r s  is  t h e  u n c e r t a i n t y  i n  t h e  thermal  p r o p e r t i e s  of t h e  
substrate  material, and t h i s  f a c t o r  i s  of p a r t i c u l a r  concern f o r  a MACOR g l a s s -  
ceramic s u b s t r a t e .  The reason  f o r  t h i s  concern is t h e  h e a t - t r a n s f e r  ra te  i s  d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  thermal  product  of t h e  substrate  ,!Is (where ,!Is = (pscsks)’ /2) ,  
and, as d i s c u s s e d  i n  r e f e r e n c e  20, t h e  u n c e r t a i n t y  i n  Bs f o r  MACOR g lass -ceramic  
may be as h igh  as 15 percent, as compared w i t h  2 t o  3 p e r c e n t  f o r  q u a r t z .  A f t e r  
complet ion of t h e  tests i n  t h e  expansion t u b e  with t h e  t w o  b i c o n i c  models and fol low- 
i n g  t h e  r e d u c t i o n  of t h e  h e a t - t r a n s f e r  d a t a ,  new i n f o r m a t i o n  on t h e  thermal  proper-  
t ies of MACOR became a v a i l a b l e .  The purpose of t h i s  appendix i s  t o  p r e s e n t  t h i s  new 
i n f o r m a t i o n  and t o  d i s c u s s  i t s  a p p l i c a t i o n  t o  t h e  b i c o n i c  h e a t - t r a n s f e r  d a t a  pre- 
s e n t e d  i n  t h i s  report. 

T e s t s  w e r e  performed i n  t w o  convent ional- type hypersonic  wind t u n n e l s ,  t h e  
Langley 31-Inch Mach 10 Tunnel ( former ly  known a s  t h e  Langley Continuous-Flow 
Hypersonic Tunnel)  ( r e f .  20) and t h e  Langley Hypersonic CF4 Tunnel ( r e f .  201, a 
Mach 6 f a c i l i t y  t h a t  u s e s  Freon 1 4 ~  gas  t o  g e n e r a t e  a normal-shock d e n s i t y  r a t i o  of 
approximate ly  1 2 .  Thin-f i lm gages d e p o s i t e d  on substrates  of d i f f e r e n t  materials 
w e r e  s imul taneous ly  exposed t o  t h e  same hypersonic  f low c o n d i t i o n s ;  t h a t  is, t h e  
h i g h - q u a l i t y  flow of a convent ional- type wind t u n n e l  w i t h  a c c u r a t e l y  known f low con- 
d i t i o n s  w a s  used t o  e v a l u a t e  c e r t a i n  aspects of t h e  d a t a  r e d u c t i o n  procedure 
( ref .  20) f o r  t h i n - f i l m  gages des igned  f o r  impulse f a c i l i t i e s .  These tes ts  w e r e  
des igned  t o  make t h e  s u b s t r a t e  material t h e  only v a r i a b l e .  Small  hemispheres (4 .1  mm 
r a d i u s )  of q u a r t z ,  Pyrex 7740 g l a s s ,  and MACOR glass-ceramic,  each wi th  a t h i n - f i l m  
gage d e p o s i t e d  over t h e  s t a g n a t i o n  r e g i o n ,  were t e s t e d .  The s e n s i n g  element  f o r  
t h e s e  hemispheres  w a s  t h e  same as t h a t  used f o r  t h e  b i c o n i c  models - pal ladium sput -  
t e r e d  o n t o  t h e  s u r f a c e  i n  a s e r p e n t i n e  pat tern.  The r a d i u s  of each hemisphere w a s  
examined wi th  a n  optical  comparator a t  a magni f ica t ion  of 20 and measured t o  w i t h i n  
0.025 mm. ( I t  should  be noted t h a t  t h e  sens ing  element  covered a r e g i o n  of t h e  nose 
t i p  w i t h i n  9O of t h e  geometr ic  s t a g n a t i o n  p o i n t ;  hence,  t h e  h e a t - t r a n s f e r  ra te  
i n f e r r e d  from t h i s  e lement  w a s  s l i g h t l y  lower (approximate ly  1.5 p e r c e n t )  than  t h e  
a c t u a l  s t a g n a t i o n - p o i n t  h e a t - t r a n s f e r  ra te . )  Five hemispheres ( t w o  MACOR g l a s s -  
ceramic, two q u a r t z ,  and one Pyrex g l a s s )  were mounted i n  a survey  rake  having a 
probe  s p a c i n g  of 5.1 c m  t h a t  w a s  i n j e c t e d  i n t o  t h e  f l o w  such t h a t  a l l  f i v e  hemi- 
s p h e r e s  w e r e  s u b j e c t e d  t o  t h e  same f l o w  c o n d i t i o n s  a t  the same t i m e .  ,Tne primary 
reason for t e s t i n g  such small hemispheres w a s  t o  allow s e v e r a l  hemispheres  t o  be 
t e s t e d  s i m u l t a n e o u s l y  w i t h o u t  t u n n e l  blockage. Another reason  w a s  t o  o b t a i n  h e a t i n g  
rates and s u r f a c e  tempera tures  i n d i c a t i v e  of the maximum v a l u e s  expec ted  i n  t h e s e  
f a c i l i t i e s .  

The e x c i t a t i o n  c u r r e n t  €or t h e  f i v e  t n i n - f i i m  gages w a s  s u p p l i e d  b y  d r e c e i i i i y  
f a b r i c a t e d  100-channel system of c i r c u i t s  i n t e r f a c e d  t o  a n  a n a l o g - t o - d i g i t a l  H e w l e t t -  
Packard 6940B Multiprogrammer and Hewlett-Packard 9826 desktop  computer. Each 

5FreCn 14 is a r e g i s t e r e d  trademark of E. I. du Pont  de  Nemours & Co. ,  I n c .  
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c h a n n e l  s u p p l i e d  a c o n s t a n t  c u r r e n t  of 1 mA to  t h e  gage and c o n t a i n e d  an  a m p l i f i e r  
with a maximum g a i n  of 100-  This  l o w  e x c i t a t i o n  c u r r e n t  ensured  n e g l i g i b l e  ohmic 
h e a t i n g  e f f e c t s  and i s  t h e  same c u r r e n t  f o r  which t h e  gages w e r e  c a l i b r a t e d .  The 
c o n s t a n t - c u r r e n t  c i r c u i t s  used for t h e  f i v e  hemispheres w e r e  c a l i b r a t e d  b e f o r e  and 
immediately a f t e r  each run and remained unchanged. Each channel  w a s  sampled a t  
50 samples per  second. 

Two sources of error determined i n  r e f e r e n c e  20 w e r e  reduced by t h e  f o l l o w i n g  
changes i n  the  f a b r i c a t i o n  procedure € o r  t h e  t h i n - f i l m  gages:  ( 1 )  t h e  problem of t h e  
r e s i s t a n c e  of t h e  l e a d s  between t h e  s e n s i n g  element  and t h e  w i r e  n o t  be ing  n e g l i g i b l e  
compared with t h e  r e s i s t a n c e  of t h e  s e n s i n g  element  w a s  c o r r e c t e d  by t h i c k e n i n g  t h e  
leads to  s i g n i f i c a n t l y  lower t h e i r  r e s i s t a n c e ,  and ( 2 )  t h e  problem of t h e  t h i n - f i l m  
s e n s i n g  element changing p r o p e r t i e s  from run  t o  run was minimized by an improved 
a n n e a l i n g  procedure f o r  t h e  gages.. A l l  gages w e r e  c a l i b r a t e d  b e f o r e  and a f t e r  t h e  
t e s t  series i n  a w e l l - s t i r r e d  o i l  b a t h  w i t h  tempera ture  increments  of 13.9 K o v e r  t h e  
tempera ture  range 297 < T < 380 K.  These c a l i b r a t i o n s  r e v e a l e d  t h e  r e s i s t a n c e  of 
f o u r  of t h e  f i v e  gages remained c o n s t a n t  t o  w i t h i n  1 p e r c e n t  and t h e  o t h e r  remained 
c o n s t a n t  t o  w i t h i n  3 p e r c e n t .  The tempera ture  c o e f f i c i e n t  of r e s i s t a n c e  % W a s  
determined by apply ing  a l i n e a r  f i t  t o  t h e  v a r i a t i o n  of r e s i s t a n c e  wi th  tempera ture  
f o r  d i s c r e t e  tempera ture  ranges;  t h u s  + was a f u n c t i o n  of tempera ture ,  b u t  t h e  
v a r i a t i o n  of QR was r e l a t i v e l y  small (less t h a n  3 p e r c e n t  f o r  297 < T < 380 K ) .  
T h i s  method of de te rmining  r e p r e s e n t s  a re f inement  t o  t h a t  p r e s e n t e d  i n  r e f e r -  
ence 20, and t h e  r e s u l t i n g  o v e r a l l  u n c e r t a i n t y  i n  % is b e l i e v e d  t o  be less t h a n  
2 p e r c e n t .  (The h e a t - t r a n s f e r  ra te  is i n v e r s e l y  p r o p o r t i o n a l  t o  aR.) The temper- 
a t u r e  c o e f f i c i e n t  of r e s i s t a n c e  i n c r e a s e d  0.9 t o  1.4 p e r c e n t  f o r  a l l  f i v e  hemispheres  
between t h e  p r e t e s t  and p o s t t e s t  c a l i b r a t i o n s .  C h a r a c t e r i s t i c s  of t h e  f i v e  hemi- 
s p h e r e s  p r i o r  to  t h e  f i r s t  test  i n  t h e  Mach 10 t u n n e l  are g i v e n  i n  t h e  f o l l o w i n g  
t a b l e :  

% 

H e m i  sphere  
probe  l o c a t i o n  

TOP 
Next 
Middle 
Next 
B o t  t o m  

S u b s t r a t e  
materia 1 

Nose 
r a d i u s ,  mm 

MACOR g lass -ceramic  
MACOR g lass -ceramic  
Pyrex g l a s s  
Quartz 
Quartz 

4.064 2.2430 x 
4.064 2.1715 
4.140 2.01 96 
4.064 2.0873 
4.013 2.1317 

R a t  
297'K, 62 

78.6 
90.7 

134.5 
108.6 
111.9 

I, 
mA 

0.999 
.966 
.918 

1.005 
.994 

- 

Four runs w e r e  made i n  t h e  Mach 10 t u n n e l  w i t h  t h e  f ive-probe  r a k e ,  t h e  l as t  run  
be ing  a r e p e a t  of t h e  f i r s t ,  and two runs  w e r e  made i n  t h e  CF4 t u n n e l .  
t i o n s  were a s  p r e s e n t e d  i n  t h e  f o l l o w i n g  table:  

T e s t  condi-  
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.. F a c i i i t y  I Kun I p t I l , k i P a  I T, & I  ,, I K I I L ; ~ , ~ ,  kPs 

Mach 10 13 2.35 945 9.86 7.46 
14 5.1 2 974 10.03 15.10 
15 10.96 980 10.16 30.97 
16 2.36 973 9.86 7.46 

1072 8.02 594 6.41 10.26 
1073 ! 5.76 597 6.38 7.33 

CF4 

I 

As mentioned p rev ious ly ,  t h e s e  tests were designed so the s u b s t r a t e  material w a s  
t h e  on ly  in t ended  v a r i a b l e ;  t h a t  is, t h e  same geometry and type  of t h i n - f i l m  s e n s i n g  
e lement  were t e s t e d  a t  t h e  same f low c o n d i t i o n s  and w i t h  t h e  same c i r c u i t r y  and 
a n a l o g - t o - d i g i t a l  d a t a - a c q u i s i t i o n  system. V a l u e s  of t h e  h e a t - t r a n s f e r  ra te  w e r e  
de te rmined  f o r  each  hemisphere by us ing  t h e  d a t a  r e d u c t i o n  procedure  of r e f e r e n c e  20; 
t hus ,  t h e  on ly  d i f f e r e n c e  i n  t h e  method ( so f tware )  used t o  compute h e a t - t r a n s f e r  ra te  
w a s  t h e  d i f f e r e n t  expres s ions  f o r  t he  thermal  p r o p e r t i e s  of the v a r i o u s  s u b s t r a t e s .  
Hence, t h e s e  tests al lowed a d i r e c t  comparison between va lues  of 4 f o r  t h e  MACOR 
g la s s -ce ramic  hemisphere wi th  those  f o r  q u a r t z  and Pyrex g l a s s  to  be made. (The com- 
p a r i s o n  wi th  q u a r t z  w a s  e s p e c i a l l y  meaningful  s i n c e  the  thermal  p r o d u c t  f o r  t h i s  
material is  a c c u r a t e l y  known (ref. 231.) To account  f o r  t h e  small v a r i a t i o n  i n  r a d i i  

where CT = q / ( T t  - Tw). These d a t a  are shown i n  f i g u r e  34 and, f o r  convenience,  
are t a b u l a t e d  as fo l lows:  

B s  
between t h e  t emisphe res ,  t he  r e s u l t s  are p resen ted  i n  t h e  form CT/ (p t12 / rn )  1/2, 

~~ ~~ 

0.3709 (403) 
.3758 (437) 
.3625 (467) 
.3766 (410) 

F a c i l i t y  

0.3424 (399) 
.3250 (435) 
.3171 (480) 
.3304 (397) 

Mach 10 0.3285 (397) 
.3136 (427) 
.2932 (460) 
.3121 (396) 

Run 

13 
14 
15 
16 

1072 
1073 

CT/ (p t ,2 / rn ) ' / 2 ,  (W/m2 - K)/(Pa/m)1/2, and (T,,K) f o r  - 

Pyrex Quartz 
no. 1 

0.3742 (417) 
,3698 (455) 
.3505 (482) 
.3699 (411) 

Quartz 
no. 2 

0.3655 (413) 
.3604 (448) 
.3410 (482) 
.3650 (422) 

0.3762 (364) 1 0.3460 (360) 
.3782 (356) I .3443 (353) 

The measured (i.e. , i n f e r r e d )  va lues  of 4 and Tw used  to  compute t h e  above va lues  
of CT co r re spond  t o  a t i m e  of 0.6 sec. ( t  = 0 i s  d e f i n e d  as t h e  t i m e  a t  which t h e  
t h i n - f i l m  gage began its movement i n t o  t h e  flow from its s i i e i i e r e d  p)vbiLLi(;)ii oiitside 
t h e  t u n n e l  n o z z l e  w a l l . )  The h e a t - t r a n s f e r  c o e f f i c i e n t  CT f o r  t h e  hemispheres 
i n i t i a l l y  i n c r e a s e d  r a p i d l y  wi th  t i m e  (as expec ted)  and began t o  l e v e l  off approxi -  
mate ly  0.4 sec f o l l o w i n g  t h e  s ta r t  of the i n s e r t i o n  of the survey  r ake  i n t o  t h e  flow. 
These t i m e  h i s t o r i e s  and t h e  o u t p u t  from a switch mounted on t h e  i n s e r t i o n  mechanism 
r e v e a l e d  t h e  hemispheres  w e r e  w e l l  w i t h i n  t h e  i n v i s c i d  test c o r e  of the t u n n e l s  by 
t = 0.5 sec. 
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A s  acknowledged i n  r e f e r e n c e  20, t h e  procedure used t o  account  f o r  t h e  v a r i a t i o n  
o f  6, with  tempera ture  (Tw i n c r e a s e s  wi th  t i m e )  w a s  approximate.  The r e s u l t s  from 
t h e  f i v e  hemispheres n o t  on ly  provided t h e  o p p o r t u n i t y  t o  de te rmine  t h e  va lue  of 6, 
f o r  MACOR glass-ceramic,  bu t  also provided t h e  o p p o r t u n i t y  t o  e v a l u a t e  t h e  p r o c e d u r e  
f o r  account ing  for BS(T),  s i n c e  CT should  have remained e s s e n t i a l l y  c o n s t a n t  w i t h  
t i m e .  Sur face  temperature changes up t o  270 K w e r e  exper ienced  d u r i n g  t h e  p r e s e n t  
tests over  t h e  t i m e  i n t e r v a l  0 < t < 1.4 sec. For t h i s  t i m e  i n t e r v a l ,  the maximum 
c o r r e c t i o n  t o  t h e  h e a t - t r a n s f e r  rate r e q u i r e d  t o  account  f o r  t h e  change i n  
tempera ture  was q u i t e  l a r g e ,  being 16 p e r c e n t  €or MACOR g lass -ceramic ,  33 p e r c e n t  f o r  
q u a r t z ,  and 59 p e r c e n t  ofr  Pyrex g l a s s .  Also, Tw a t  t = 0.6 sec exceeded t h e  
upper value of tempera ture  f o r  which t h e  gages w e r e  c a l i b r a t e d .  However, even w i t h  
t h e  l a r g e  va lues  of Tw exper ienced ,  t h e  v a r i a t i o n  of CT o v e r  t h e  t i m e  i n t e r v a l  
0.6 < t < 1.4 sec i n  t h e  Mach 10 t u n n e l  w a s  o n l y  &2 p e r c e n t  f o r  t h e  q u a r t z  and MACOR 
g lass -ceramic  hemispheres and w a s . f 5  p e r c e n t  f o r  t h e  Pyrex g l a s s  hemisphere.  These 
small v a r i a t i o n s  of 
t o  account  f o r  t h e  v a r i a t i o n  of s u b s t r a t e  thermal  p r o p e r t i e s  with temperature .  

BS w i t h  

CT with t i m e  l end  c r e d i b i l i t y  to  t h e  procedure of r e f e r e n c e  20 

The h e a t - t r a n s f e r  c o e f f i c i e n t  is p l o t t e d  i n  f i g u r e  34 as a f u n c t i o n  of t h e  
v e l o c i t y  g r a d i e n t  term (p t  2/rn)1/2.  A s  mentioned p r e v i o u s l y ,  t h e  s u b s t r a t e  
material is assumed to  be the  only  v a r i a b l e  f o r  a g iven  run. 
v i b r a t i o n a l  r e l a x a t i o n  e f f e c t s ,  or both ,  w i t h i n  t h e  shock l a y e r  of t h e  hemispheres  
are assumed t o  be t h e  same magnitude f o r  each hemisphere f o r  a g iven  run.  The 
average  va lue  of f o r  t h e  t w o  q u a r t z  hemispheres  ranged from 1 . 1 00 
to  1 .150 times t h e  average f o r  t h e  two MACOR g lass -ceramic  hemispheres  for  t h e  s i x  
runs ;  t h e  average of t h i s  range f o r  t h e s e  r u n s  i n  both  f a c i l i t i e s  was 1 . 1  35 and w a s  
1 .133 f o r  t h e  r a t io  of Pyrex t o  MACOR. Because t h e  thermal  p r o p e r t i e s  f o r  q u a r t z  and 
Pyrex a r e  be l ieved  t o  be a c c u r a t e l y  known, t h e  p r e s e n t  r e s u l t s  demonst ra te  t h a t  
v a l u e s  of 
MACOR s u b s t r a t e s  w i l l  he  too s m a l l  by approximately 1 3  p e r c e n t .  ( N o t e  t h a t  
6 a $ .) Based on t h e s e  f i n d i n g s ,  t h e  f o l l o w i n g  simple e x p r e s s i o n  i s  recommended 
t o  defkgmine 

P o s s i b l e  v i s c o u s  or  

CT/ ( p t  , 2/rn) / 2  

4 determined wi th  t h e  method of r e f e r e n c e  20 f o r  t h i n - f i l m  gages  w i t h  

B s I O  f o r  a MACOR s u b s t r a t e  a t  ambient ,  o r  p r e r u n ,  c o n d i t i o n s :  

f l s r O  = 1816.6 + 0.6303T0 (294 < To < 312 K )  ( B 1 )  

where t h e  e f f e c t  of t h e  v a r i a t i o n  i n  $ w i t h  T i s  accounted f o r  by u s i n g  t h e  
e x p r e s s i o n  

(Ts < 450 K )  (B2) 

The va lue  of 
e x p e r i m e n t a l l y  a t  Calspan Corp., Advanced Technology C e n t e r ,  B u f f a l o ,  New York 
(2008 W - s e c 1 / 2 / m 2 - K  a t  T = 298 K ) .  (See r e f .  20.) U n f o r t u n a t e l y ,  t h i s  Calspan 
measurement was d i s c a r d e d  i n  r e f e r e n c e  20 i n  f a v o r  of properties f u r n i s h e d  by t h e  
manufac turer  of MACOR and i n f e r r e d  from s e v e r a l  o t h e r  s o u r c e s .  Equat ion ( B l )  is 
a l s o  w i t h i n  1.0 p e r c e n t  of t h e  more r e c e n t  measurements of r e f e r e n c e  54 
(1979 W - s e c 1 / 2 / m 2 - K  a t  
f o r  MACOR i n  r e f e r e n c e  55 (2050 w-sec1 /2 /m2-K a t  
v a l u e s  of h e a t - t r a n s f e r  rate for t h e  b i c o n i c s  were s imply m u l t i p l i e d  by 1.1 3 t o  

B s l 0  from e q u a t i o n  ( B l l  is  w i t h i n  1 p e r c e n t  of the v a l u e  de te rmined  

T = 298 K) and w i t h i n  3.5 p e r c e n t  of t h e  t y p i c a l  v a l u e  g i v e n  
T = 298 K). Thus, t h e  i n i t i a l  
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c o r r e c t  f o r  the e r r o r  i n  0, f o r  MACOR g lass -ceramic .  Although u n c e r t a i n t i e s  i n  t h e  
n e a t - t r a n s t o r  rate inferred for a M-ACOR. glass-ceramic substrate s t i l l  e x i s t  ! e , n -  3- r - 2 

f5 p e r c e n t  u n c e r t a i n t y  i n  between d i f f e r e n t  samples f o r  MACOR g lass -ceramic  w a s  
observed i n  the tests a t  Ca l span) ,  the  a p p l i c a t i o n  of the  f i n d i n g s  from these hemi- 
s p h e r e s  t o  the b i c o n i c  h e a t i n g  d a t a  is be l i eved  t o  s u b s t a n t i a l l y  reduce t h i s  
u n c e r t a i n t y  . 

f3, 
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POSSIBLE CONTRIBUTING FACTORS TO DIFFERENCES BETWEEN 

MEASURED AND PREDICTED HEATING FOR BICONICS 

An impor tan t  phase i n  most aerothermodynamic s t u d i e s ,  e x p e r i m e n t a l  or 
a n a l y t i c a l ,  i s  t h e  comparison of measurement and p r e d i c t i o n .  NOW, d u p l i c a t i o n  of t h e  
f l o w  environment for  a f u l l - s i z e  r e e n t r y  v e h i c l e  i s  n o t  p o s s i b l e  i n  e x i s t i n g  ground- 
based f a c i l i t i e s ;  t h u s ,  t h e  d e s i g n e r  of such a v e h i c l e  must r e l y  h e a v i l y  on f l o w -  I 
f i e l d  codes t h a t  are o f t e n  v e r i f i e d  by d a t a  o b t a i n e d  i n  convent iona l - type  h y p e r s o n i c  
wind t u n n e l s .  These f a c i l i t i e s  have r e l a t i v e l y  l o w  v e l o c i t i e s  ( l o w  e n t h a l p y )  and, a t  
best ,  s i m u l a t e  a p o r t i o n  of t h e  e n t r y  c o r r i d o r .  Because t h e  expansion tube g e n e r a t e s  
h y p e r v e l o c i t y  ( h i g h  e n t h a l p y )  and hypersonic  f low over  models, t h i s  f low be ing  more 
r e p r e s e n t a t i v e  of f l i g h t  than  t h a t  o b t a i n e d  i n  wind t u n n e l s ,  t h e  p r e s e n t  comparisons 
t a k e  on added s i q n i f i c a n c e .  As d i s c u s s e d  p r e v i o u s l y ,  t h e  aqreement between t h e  p r e s -  
e n t  d a t a  and t h e  p r e d i c t i o n s  with t h e  p a r a b o l i z e d  Navier-Stokes (PNS) code f o r  H e  and 
a i r  w e r e  d i s a p p o i n t i n g .  A d i s c u s s i o n  of f a c t o r s  t h a t  may c o n t r i b u t e  t o  t h e  observed 
d i f f e r e n c e s  is b e l i e v e d  t o  be b e n e f i c i a l  t o  both e x p e r i m e n t a l i s t s  and operators of 
s i m i l a r  f l o w - f i e l d  codes.  

Impulse f a c i l i t i e s  such as t h e  expansion tube  provide  a needed c a p a b i l i t y  by 
g e n e r a t i n g  hypersonic-hyperve loc i ty  flow, b u t  o f t e n  a t  a s a c r i f i c e  i n  t h e  knowledge ' 
of  t h e  f low c o n d i t i o n s  and i n  d a t a  accuracy  compared w i t h  a convent iona l - type  hyper- I 
s o n i c  wind tunnel .  The loss  of d a t a  accuracy  i s  p r i m a r i l y  because of t h e  e x t r e m e l y  
s h o r t  t e s t  t i m e s  of impulse f a c i l i t i e s ,  r e q u i r i n g  f a s t - r e s p o n s e ,  high-frequency 
i n s t r u m e n t a t i o n ;  a l s o ,  t h e  r a t h e r  h o s t i l e  t e s t  environment g e n e r a t e d  i n  an  impulse 
f a c i l i t y  c a n n o t  be c o n t r o l l e d  on a run-to-run b a s i s  wi th  t h e  same p r e c i s i o n  of a 
c o n v e n t i o n a l  t u n n e l .  The purpose of t h i s  appendix i s  t o  l i s t  and b r i e f l y  d i s c u s s  
f a c t o r s  t h a t  may c o n t r i b u t e  t o  t h e  d i f f e r e n c e s  observed between measured and pre-  

I 
I 

I 

I 
d i c t e d  h e a t i n g  i n  f i g u r e s  26 t o  28. I 

Experimental  U n c e r t a i n t i e s  I 

The primary f a c t o r s  t h a t  may c o n t r i b u t e  t o  u n c e r t a i n t i e s  i n  t h e  e x p e r i m e n t a l  
d a t a  a r e  as fo l lows:  

1 .  U n c e r t a i n t i e s  i n  t h e  f low c o n d i t i o n s . -  Such u n c e r t a i n t i e s  s t e m  f r o m  ( 1  1 t h e  - 
u n c e r t a i n t y  i n  t h e  measurements of pw, us ,1o,  and p t I 2 ,  ( 2 )  t h e  assumptions t h a t  , 
p, = pw and U, = 
( 4 )  a l a c k  of d e f i n i t i v e  knowledge of t h e  f r e e - s t r e a m  chemical  s ta te  ( thermochemical  
e q u i l i b r i u m ,  nonequi l ibr ium, or n o n r e a c t i n g ) .  T h i s  l a s t  u n c e r t a i n t y  is n o t  a concern  1 
f o r  H e  t e s t  gas .  These assumptions and u n c e r t a i n t i e s  w e r e  d i s c u s s e d  p r e v i o u s l y .  One 
u n c e r t a i n t y  n o t  d i s c u s s e d  p r e v i o u s l y  i s  t h e  s e l e c t i o n  of t h e  v a l u e  of tube w a l l  pres- 
s u r e  

e s s e n t i a l l y  c o n s t a n t  over  t h e  t i m e  i n t e r v a l  100 < t < 250 p s e c ,  t h e  tube  w a l l  p r e s -  
s u r e  was not  c o n s t a n t ,  a s  shown by the t i m e  h i s t o r i e s  i n  f i g u r e  35 for a i r  and H e  
t e s t  g a s e s .  These t i m e  h i s t o r i e s  show t h a t  pw v a r i e d  15 t o  1 8  p e r c e n t  o v e r  t h e  
t i m e  i n t e r v a l  100 < t < 250 p s e c .  The v a l u e  of pw used  as an  i n p u t  cor responds  
t o  t = 200 psec and is  u s u a l l y  close t o  t h e  minimum v a l u e  t h a t  occur red  o v e r  

( 3 )  t h e  assumption t h a t  u, is c o n s t a n t  wi th  t i m e ,  and us, 10'  

pw t o  be used  as i n p u t  t o  t h e  program of r e f e r e n c e  25 f o r  c a l c u l a t i o n  of t h e  
free-stream and post-normal-shock flow c o n d i t i o n s .  Although p i t o t  p r e s s u r e  w a s  I 
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~ 100 < t 6 250 p s e c .  Thus, t h i s  t i m e  v a r i a t i o n  i n  pw i n t r o d u c e s  a n o t h e r  uncer- 
.. t a i n t y .  However, an  i n d i c a t i o n  that t h e  tlow cnndi t innc :  f n r  H e  sre knowr. t o  w i t h i 2  

r e a s o n a b l e  l i m i t s  is t h e  good agreement obta ined  between measured s t a g n a t i o n - p o i n t  
h e a t - t r a n s f e r  ra te  and t h a t  c a l c u l a t e d  w i t h  a Navier-Stokes code ( r e f .  3 4 ) .  

2. Assumption t h a t  f low about  t h e  model was f u l l y  e s t a b l i s h e d . -  Time h i s t o r i e s  _____ 
of t h e  h e a t - t r a n s f e r  rate on t h e  windward s i d e  implied t h e  f l o w  w a s  s t e a d y  f o r  a t  
l ea s t  h a l f  of t h e  2 5 0 - p e c  test t i m e .  T h i s  w a s  n o t  always t h e  case on t h e  leeward 
s i d e ,  and t h e r e  i s  some q u e s t i o n  as to  whether  s u f f i c i e n t  tes t  t i m e  w a s  a v a i l a b l e  t o  
e s t a b l i s h  t h e  d e t a i l e d  s t r u c t u r e  of t h e  s e p a r a t e d  leeward f low a t  t h e  h i g h e r  a n g l e s  

1 of a t t a c k .  

3 .  Data r e d u c t i o n  procedure f o r  MACOR glass-ceramic s u b s t r a t e . -  T h i s  s u b j e c t ,  -- -- 
which a lso i n c l u d e s  u n c e r t a i n t i e s  i n  t h e  measurement of gage c h a r a c t e r i s t i c s  such as 
i n i t i a l  v o l t a g e  and v o l t a g e  change d u r i n g  a run, i s  d i s c u s s e d  i n  appendix B and i n  
r e f e r e n c e  20. One p o i n t  t h a t  should be noted  is t h a t  a l a r g e  number of s u b s t r a t e s  
w e r e  used i n  t h e  p r e s e n t  s t u d y ,  t h e r e b y  i n v o l v i n g  d i f f e r e n t  pieces of MACOR g l a s s -  
ceramic. A s  no ted  i n  r e f e r e n c e  20, some v a r i a t i o n  i n  MACOR g lass -ceramic  thermal  
properties w a s  observed between d i f f e r e n t  ba tches  a t  Calspan,  and v a r i a t i o n  i n  
s u b s t r a t e  p r o p e r t i e s  between d i f f e r e n t  b a t c h e s  may have c o n t r i b u t e d  t o  t h e  
u n c e r t a i n t i e s .  

4.  P o s s i b l e  contaminat ion  of t h e  tes t  gas.- The probable s o u r c e  of contamina- ____ 
t i o n  would be l e a k s  i n  t h e  vacuum system and outgass ing  p r o d u c t s .  P e r i o d i c  l e a k  
checks  w e r e  performed throughout  t h e  t e s t  series; t h e  l e a k  rates f o r  t h e  i n t e r m e d i a t e  
s e c t i o n  and f o r  t h e  a c c e l e r a t i o n  s e c t i o n  w e r e  low and remained t h e  same €or t h e  pre-  
s e n t  tests. T e s t  g a s  contaminat ion  would be e s p e c i a l l y  d e t r i m e n t a l  t o  t h e  flow 
q u a l i t y  of H e ,  s i n c e  a r e l a t i v e l y  small amount of a i r  and w a t e r  vapor may cause  l a r g e  
d i f € e r e n c e s  i n  g a s  properties. Because care was taken  t o  minimize f low contaminat ion  
and p h o t o m u l t i p l i e r  t u b e s  p o s i t i o n e d  a l o n g  t h e  l e n g t h  of t h e  expansion t u b e  d i d  n o t  
d e t e c t  any l i g h t  d u r i n g  t h e  H e  tests,  t h e  H e  and t h e  a i r  are b e l i e v e d  t o  have been 
r e l a t i v e l y  f r e e  of contaminants .  

5. Ques t ion  of t h e  model e x p e r i e n c i n g  uniform flow.- Accurate  d e t e r m i n a t i o n  of 
f l o w  u n i f o r m i t y  is ext remely  i m p o r t a n t  f o r  a l l  f a c i l i t i e s  and p a r t i c u l a r l y  f o r  t h e  
expans ion  t u b e ,  s i n c e  t h e  t u b e  w a l l  boundary-layer t h i c k n e s s  i s  h a l f  t h e  tube  r a d i u s  
and models are t e s t e d  i n  a f r e e  j e t .  S e v e r a l  c a l i b r a t i o n s  of t h e  expansion t u b e  
( re fs .  11 t o  141, i n c l u d i n g  t h a t  p r e s e n t e d  i n  appendix A,  r e v e a l e d  t h e  f low w a s  
r a d i a l l y  and a x i a l l y  uniform i n  t h e  r e g i o n  occupied by t h e  b i c o n i c  models a t  l o w  
a n g l e s  of a t t a c k .  The good agreement between h e a t i n g  d i s t r i b u t i o n s  measured on t h e  
leeward r a y  ( 4 1  = 0 ' )  and on t h e  windward r a y  (41  = 180') of t h e  s t r a i g h t  b i c o n i c  a t  
a = Oo s u p p o r t e d  t h i s  f i n d i n g  t h a t  t h e  f low was uniform. However, a t  a = 20°, t h e  
bent-nose b i c o n i c  occupied a v e r t i c a l  h e i g h t  of 7.6 c m ;  t h u s ,  t h e  bow shock over  t h e  
e n t i r e  l e n g t h  of t h e  b i c o n i c  would n o t  l i e  w i t h i n  t h e  i n v i s c i d  t e s t  core f o r  any of 
t h e  tes t  g a s e s .  S c h l i e r e n  photographs r e v e a l e d  t h a t  t h e  bow shock a t  t h e  base  p l a n e  
( X / L  = 1.0)  of t h e  s t r a i g h t  h i c o n i c  a t  a = 12' w a s  j u s t  b a r e l y  o u t  of t h e  t e s t  core 
f o r  a i r  and N2 t es t  gases ;  t h e  b o w  shock a t  t h e  base p l a n e  f o r  t h e  bent-nose b i c o n i c  
w a s  d e f i n i t e l y  o u t  of t h e  t e s t  core a t  a = 12'. T h i s  means t h a t  t h e  bow shock f o r  
t h e  s t r a i g h t  and bent-nose b i c o n i c s  a t  a > 12' would be o u t  of t h e  t e s t  core i n  H e ,  
s i n c e  t h e  core diameter w a s  smaller f o r  H e  ( s e e  appendix A )  and t h e  shock detachment 
d i s t a n c e  w a s  larger.  It  is d o u b t f u l  t h a t  t h e  bow shock o v e r  t h e  e n t i r e  l e n g t h  of t h e  
b i c o n i c s  i n  H e  w a s  e r ? t i r e l y  w i t h i n  t h e  test  core f o r  any a n g l e  of a t t a c k  t e s t e d .  The 
e f f ec t  on t h e  s u r f a c e  h e a t i n g  d i s t r i b u t i o n s  of  t h e  shock l a y e r  a b o u t  t h e  b i c o n i c s  
e n c o u n t e r i n g  t h e  t u b e  boundary l a y e r  f o r  x/L o r  z/L < 1.0 i s  n o t  known. I t  is 
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expec ted  to be small a t  t h e  lower a n g l e s  of a t t a c k  and on t h e  windward s i d e  of t h e  
fore-cone. These b i c o n i c  models are n o t  expected t o  produce any blockage phenomena. 

6. Model s u r f a c e  effects.-  These i n c l u d e  mismatches i n  thermal  p r o p e r t i e s  and 
c a t a l y t i c i t y  between the s tee l  models and t h e  MACOR g lass -ceramic  s u b s t r a t e s .  
Although t h e  magnitude of any of t h e  e f f e c t s  r e s u l t i n g  from t h e  mismatch i n  thermal  
p r o p e r t i e s  i s  unknown, it i s  expected t o  be s i g n i f i c a n t  on ly  on t h e  most windward r a y  
a t  a > 12 ' .  T h i s  i s  because of t h e  low s u r f a c e  tempera tures  a t  l o w  a n g l e s  of a t t a c k  
and on t h e  leeward ray.  T e s t s  made with and w i t h o u t  a n o n c a t a l y t i c  cover  over  t h e  
s t e e l  model showed t h e  cover  had no e f f e c t  on h e a t i n g .  (See appendix D.) N a t u r a l l y ,  
s u r f a c e  c a t a l y t i c  e f f i c i e n c y  is not  a concern for  H e .  A l s o  cons idered  i n  t h i s  
c a t e g o r y  is the  €it of t h e  s u b s t r a t e  ( i .e. ,  d i d  t h e  s u b s t r a t e  produce rearward- or 
forward-facing s teps) .  A l l  s u b s t r a t e s  w e r e  h a n d - f i t t e d  t o  t h e  models prior t o  
s p u t t e r i n g  the t h i n - f i l m  elements.  on t h e  s u b s t r a t e  s u r f a c e .  I n  a l l  b u t  a few 
i n s t a n c e s ,  a p r e c i s e  f i t  of t h e  s u b s t r a t e  and t h e  MACOR g lass -ceramic  nose t i p  w a s  
ach ieved .  The model geometry w a s  v e r i f i e d  a t  t h e  acceptance  check and a g a i n  f r o m  t h e  
s c h l i e r e n  photographs.  The l a s t  t o p i c  cons idered  under t h i s  s e c t i o n  i s  s h o r t i n g  of 
t h e  th in- f i lm element  d u r i n g  t h e  t es t  f l o w  p e r i o d .  Although n o t  a problem f o r  H e  
t es t  g a s ,  some s h o r t i n g  because t h e  A 1 2 0 3  o v e r l a y e r  w a s  n o t  "p inhole  f r e e "  may have 
occurred  f o r  a i r  tes t  gas .  A s  d i s c u s s e d  p r e v i o u s l y ,  t h e r e  is no ev idence  t o  s u g g e s t  
t h i s  was a major problem. 

7. Uncer ta in ty  i n  a n g l e  of a t t a c k . -  The s u p p o r t  system f o r  t h e  expansion t u b e  
The a n g l e  of i s  des igned  to vary  t h e  a n g l e  of a t t a c k  i n  d i s c r e t e  increments  of 4O. 

a t t a c k  w a s  v e r i f i e d  from t h e  s c h l i e r e n  photographs made d u r i n g  t h e  run. I n  a l l  
c a s e s ,  t h e  measured a n g l e  of a t t a c k  w a s  w i t h i n  *0.So of t h e  d e s i r e d  v a l u e .  AS shown 
i n  f i g u r e  3 ,  t h e  model w a s  supported by a la rge-d iameter  s h o r t  s t i n g  and l o c k i n g  n u t  
combination. I n  a convent iona l  wind t u n n e l ,  p o s s i b l e  s u p p o r t  i n t e r f e r e n c e  e f f e c t s  
may e x i s t  with t h i s  arrangement and cause  t h e  p r e s s u r e  i n  t h e  base r e g i o n  t o  exceed 
t h a t  on t h e  a f t -cone .  When t h i s  o c c u r s ,  t h e  p r e s s u r e  or h e a t  t r a n s f e r  a l o n g  t h e  a i t -  
cone s e c t i o n  i n c r e a s e s  i n  t h e  d i r e c t i o n  of t h e  base.  N o  such t r e n d  w a s  observed f o r  
H e ,  a i r ,  or N 2 ,  and when it was observed f o r  C02 it could have been a t t r i b u t e d  t o  t h e  
l o w  v a l u e s  of y w i t h i n  t h e  flow f i e l d .  I t  should  be noted t h a t  s u p p o r t  i n t e r f e r -  
ence e f fec ts  are  u s u a l l y  d i s c o u n t e d  i n  impulse f a c i l i t i e s  w i t h  ex t remely  s h o r t  tes t  
times such as  i n  t h i s  s tudy .  

8. Radia t ion  hea t ing . -  Radia t ion  c o n t r i b u t i o n s  from t h e  model s u r f a c e  t o  t h e  
sur rounding  w a l l s  of t h e  tube  and dump tank  o r  from t h e  w a l l s  t o  t h e  model s u r f a c e  
are b e l i e v e d  to  be small. The tube and t a n k  w a l l s  are expec ted  t o  remain near  
ambient temperature  ( t y p i c a l l y  297 K) d u r i n g  t h e  test .  Except f o r  t h e  nose t i p ,  t h e  
maximum model s u r f a c e  tempera ture  exper ienced  w a s  390 K; t h u s ,  t h e  r a d i a t i v e  h e a t  
t r a n s f e r  was less than 0.0013 MW/m , which i s  n e g l i g i b l e  compared wi th  t h e  c o n v e c t i v e  
h e a t i n g  c o n t r i b u t i o n .  

2 

Following t h e  present s t u d y ,  t h e s e  same b i c o n i c  models w e r e  t e s t e d  i n  t h e  
Langley 31-Inch Mach 10 Tunnel f o r  t h e  same range of a n g l e  of a t t a c k  ( r e f .  49);  
These d a t a  correspond t o  Mach 9.9 i n  a i r ,  
compared w i t h  t h e  p r e s e n t  Mach number of 6.9 i n  real  a i r ,  
R 
t i e s  a s s o c i a t e d  with t h e  expansion tube.  For example, free-stream f l o w  c o n d i t i o n s  i n  
t h e  Mach 10 tunnel  are a c c u r a t e l y  known, and w i t h  run  times of s e v e r a l  seconds ,  t h e  
flow has  ample t i m e  to  f u l l y  e s t a b l i s h .  (Ch  f o r  a l l  t h i n - f i l m  gages over  a 1-sec p e r i o d . )  These r e l a t i v e l y  small models were 
conta ined  w e l l  w i t h i n  t h e  l a r g e  tes t  c o r e  of t h e  Mach 10 t u n n e l ,  and s u p p o r t  

p2/p, = 5.95, and R = 2.20 x 10 , 
Q ) r g  

p2/p, - 11.10, and 
= 0 .55  x lo5.  T e s t s  i n  t h e  Mach 10 t u n n e l  c i rcumvent  s e v e r a l  of t h e  u n c e r t a i n -  Q), L 

w a s  c o n s t a n t  t o  w i t h i n  a few p e r c e n t  
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i n t e r f e r e n c e  e f f e c t s  w e r e  minimized by use  of  a s t i n g  having  a ra t io  of s t i n g  
d iameter  t o  modei-base d iameter  of 0.375 arid a ra t io  or' s t i r i y  i e r i q i i i  i v  iawciei-hse 
d i a m e t e r  of 7. U n c e r t a i n t i e s  associated w i t h  r e a c t i n g  g a s e s ,  s u r f a c e  c a t a l y t i c i t y ,  
and gage s h o r t i n g  are n o t  p e r t i n e n t  t o  t h e  Mach 10 t u n n e l .  A l s o ,  because t h e  model 
s u r f a c e  tempera tures  i n  t h e  Mach 10 t u n n e l  tests w e r e  s l i g h t l y  less than  t h o s e  i n  t h e  
expansion tube  tests, t h e  e f f e c t s  of mismatches i n  t h e  model s u r f a c e  m a t e r i a l s  and 
r a d i a t i o n  e f f e c t s  should  be about  t h e  same between t h e  t w o  s t u d i e s  and are b e l i e v e d  
to  be n e g l i g i b l e .  F u r t h e r ,  t h e  measured h e a t i n g  d i s t r i b u t i o n s  on t h e s e  b i c o n i c s  i n  
t h e  Mach 10 t u n n e l  w e r e  compared w i t h  p r e d i c t i o n s  from t h e  same PNS code ( r e f s .  15 to  
17) used f o r  t h e  tests i n  t h e  expansion tube .  Agreement between measurement and 
p r e d i c t i o n  improved over  t h a t  observed i n  t h e  expansion tube,  wi th  windward h e a t i n g  
g e n e r a l l y  be ing  p r e d i c t e d  t o  w i t h i n  10 p e r c e n t  and leeward h e a t i n g  t o  w i t h i n  25 per- 
cen t .  However, as observed i n  t h e  expansion tube tests,  t h i s  PNS code u n d e r p r e d i c t e d  
windward h e a t i n g  a t  a l l  a n g l e s  of a t t a c k  and leeward h e a t i n g  a t  t h e  lower a n g l e s  of  
a t t a c k ;  i t  s t i l l  tended to  o v e r p r e d i c t  leeward h e a t i n g  l e v e l s  a t  t h e  h i g h e s t  a n g l e  of 
a t t a c k .  

Computational U n c e r t a i n t i e s  

The assumptions i n c o r p o r a t e d  i n  t h e  PNS code are t h e  f low f i e l d  is  s t e a d y ,  
planar,  symmetric, can be t r e a t e d  as a continuum, and c o n t a i n s  a l l  t h e  terms of t h e  
Navier-Stokes e q u a t i o n s  e x c e p t  f o r  t h e  v i s c o u s  terms i n  t h e  marching d i r e c t i o n  
(assumed s m a l l )  and t h e  f u l l  p r e s s u r e - g r a d i e n t  t e r m  i n  t h e  marching d i r e c t i o n .  The 
streamwise p r e s s u r e - g r a d i e n t  term i s  approximated by u s i n g  backward d i f f e r e n c e s  where 
t h e  f low i s  s u p e r s o n i c  i n  t h e  marching d i r e c t i o n .  I n  t h e  subsonic  p o r t i o n  of t h e  
boundary l a y e r  o n l y  a f r a c t i o n  w of t h e  p r e s s u r e - g r a d i e n t  term can  be s t a b l y  
approximated by u s i n g  backward d i f f e r e n c e s .  The remainder of t h e  term (1  - w )  should  
be approximated by u s i n g  forward d i f f e r e n c e s  t o  a c c o u n t  f o r  downstream i n f l u e n c e s  
p r o p a g a t i n g  upstream through t h e  subsonic  boundary l a y e r .  I n  g e n e r a l ,  such t rea tment  
i s  no t  possible, and i n  t h e  p r e s e n t  code t h i s  p o r t i o n  of t h e  p r e s s u r e - g r a d i e n t  t e r m  
i s  set  equal  t o  zero.  I n  r e f e r e n c e  56, a n  i t e r a t i v e  marching PNS code i s  d e s c r i b e d  
which accounts  f o r  upstream i n f l u e n c e  through t h e  boundary l a y e r  by u s i n g  forward 
d i f f e r e n c e s  i n  p r e s s u r e  taken  from t h e  previous  pass. The s t u d y  examined sk in-  
f r i c t i o n  p r e d i c t i o n s  over  a f l a t  p l a t e  w i t h  a l o  compression c o r n e r  and expansion 
corners up to  l o o  f o r  3. f ree-s t ream Mach number of 3 and a Reynolds number based on 
plate  l e n g t h  of 50 x lo6  by u s i n g  a single-sweep PNS code (as  used h e r e i n )  and a 
mult iple-sweep P N S  code. The s t u d y  i n d i c a t e d  some s i g n i f i c a n t  d i f f e r e n c e s  i n  s k i n  
f r i c t i o n  w i t h i n  LS/L = 0.001 of t h e  c o r n e r .  I t  appeared t h a t  t h e  d i f f e r e n c e  i n  
s k i n  f r i c t i o n  would go t o  z e r o  f a r t h e r  downstream, b u t  t h e  a n a l y s i s  ended a t  
Ax/L = 0.004. F u r t h e r  i n v e s t i g a t i o n  r e v e a l e d  a 10-percent  d i f f e r e n c e  i n  s k i n  f r i c -  
t i o n  due t o  h y p e y o n i c  v iscous  i n t e r a c t i o n  for f low over  a f l a t  p l a t e  a t  Mach 5, 
R, = 0.78 x l o o ,  and a d i a b a t i c  w a l l  c o n d i t i o n s .  Although t h e s e  test  c o n d i t i o n s  do 
n o t  c l o s e l y  d u p l i c a t e  t h e  c o n d i t i o n s  of t h e  p r e s e n t  s t u d y  and a l though only  s k i n  
f r i c t i o n  w a s  c o n s i d e r e d  i n  r e f e r e n c e  56, it should be acknowledged t h a t  some of t h e  
d i f f e r e n c e s  between p r e d i c t i o n  and experiment  could  be caused by f a i l u r e  of t h e  PNS 
code t o  p r o p e r l y  account  f o r  t h e  importance of t h e  p r e s s u r e - g r a d i e n t  t e r m  due t o  
v i s c o u s  i n t e r a c t i o n  a t  h i g h  Mach numbers and low Reynolds numbers. However, it 
should  also be n o t e d  t h a t  t h e  p r e s e n t  PNS code h a s  y i e l d e d  e x c e l l e n t  comparisons w l t h  
t h e  h e a t i n g  ra tes  measured on a 15" hal f -angle  cone a t  M, = 10.6 ( d a t a  of 
ref. 5 0 ) .  I n  a d d i t i o n ,  as mentioned i n  t h e  prev ious  s e c t i o n  of t h i s  appendix,  
r e a s o n a b l y  g c d  comparisons were s b t a i n e d  with h e a t i n g  d i s t r i b u t i o n s  measured on 
t h e s e  same b i c o n i c  models i n  Mach 10 a i r .  
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APPENDIX D 

GENERAL DISCUSSION OF FLOW ESTABLISHMENT, MODEL SURFACE EFFECTS, 

FLOW CHEMISTRY, AND VISCOUS EFFECTS 

Flow Es tab l i shment  

A major u n c e r t a i n t y  a t  t h e  o u t s e t  of t h i s  s t u d y  w a s  whether t h e  flow would f u l l y  
e s t a b l i s h  ( c h  
250-psec test per iod .  Previous  s t u d i e s  i n  t h e  expansion t u b e  ( r e f s .  26 and 57) w i t h  
r e l a t i v e l y  l a r g e  spheres  and f l a t - f a c e d  c y l i n d e r s  r e v e a l e d  t h a t ,  as a w o r s t  case, i t  
took approximately 80 t o  100 p s e c .  t o  o b t a i n  s t e a d y  flow c o n d i t i o n s  ( s u r f a c e  p r e s s u r e  
and h e a t - t r a n s f e r  r a t e ) .  This  maximum t i m e  of 100 p s e c  i n c l u d e s  t h e  t i m e  r e q u i r e d  
f o r  t h e  t e s t  gas  t o  r e p l a c e  t h e  l o w e r  d e n s i t y  a c c e l e r a t i o n  g a s ,  which is i n c i d e n t  
upon t h e  model f i r s t .  Although t h e s e  e s t a b l i s h m e n t  t i m e s  f o r  b l u n t  b o d i e s  were 
encouraging,  it was recognized t h a t  t h e  f l o w  over  t h e  r e l a t i v e l y  s l e n d e r  biconics 
would be more complex, p a r t i c u l a r l y  a t  h igh  a n g l e s  of a t t a c k  a t  which c ross - f low 
s e p a r a t i o n  occurs .  Unpublished r e s u l t s  f o r  a sharp-leading-edge f l a t  plate w i t h  
forward-facing ramps of v a r i o u s  i n c l i n a t i o n s  r e v e a l e d  t h e  f low e s t a b l i s h e d  w i t h i n  
approximate ly  150 p s e c .  T h i s  f i n d i n g  w a s  p a r t i c u l a r l y  encouraging s i n c e  t h e  f low 
over  t h e  p l a t e  had a s i g n i f i c a n t  v i s c o u s  c o n t r i b u t i o n  and a r e l a t i v e l y  l a r g e  r e g i o n  
of s e p a r a t e d  f l o w .  These r e s u l t s  f o r  t h e  f l a t  p l a t e  w e r e  a l s o  i n  q u a l i t a t i v e  agree-  
ment w i t h  t h e  p r e d i c t i o n s  of r e f e r e n c e  58 and provided t h e  conf idence  needed t o  per -  
form t h e  p r e s e n t  s tudy.  They imply t h a t  t h e  a c c e l e r a t i o n  g a s  f i r s t  i n c i d e n t  upon t h e  
b i c o n i c  models w i l l  be removed by t h e  t e s t  g a s  w i t h i n  t h e  250 p s e c  t es t  period and 
are  mentioned h e r e i n  because of t h e i r  c o n t r i b u t i o n  t o  t h e  s t u d y  of f low e s t a b l i s h m e n t  
about  models i n  impulse f a c i l i t i e s .  

become e s s e n t i a l l y  c o n s t a n t  wi th  t i m e )  o v e r  t h e  model w i t h i n  t h e  

I n  g e n e r a l ,  t h e  flow e s t a b l i s h e d  on t h e  windward s ide of bo th  b i c o n i c  models 
w i t h i n  120 psec  f o r  a l l  t es t  g a s e s  a t  Oo < a < 2 0 ° .  Flow e s t a b l i s h m e n t  on t h e  lee- 
ward s i d e  a t  0' < a < 20' r e q u i r e d  more t i m e ,  e s p e c i a l l y  a t  t h e  h i g h e r  a n g l e s  of 
a t t a c k ,  and the  outputs  of t h e  leeward gages were c h a r a c t e r i z e d  by l a r g e r  f l u c t u a -  
t i o n s  wi th  t i m e .  Following t h e  a r r i v a l  of t h e  test  g a s ,  t h e  gages a l o n g  t h e  m o s t  
leeward r a y  experienced a d e c r e a s e  i n  h e a t i n g  w i t h  t i m e  a t  t h e  h i g h e r  a n g l e s  of 
a t t a c k  b u t  became e s s e n t i a l l y  c o n s t a n t  w i t h i n  200 p s e c  i n  most cases. T h i s  i n d i c a t e s  
t h e  leeward f l o w  probably achieved a f u l l y  e s t a b l i s h e d  f low c o n d i t i o n .  The l o n g e r  
e s t a b l i s h m e n t  t i m e  on t h e  leeward s i d e  a t  i n c i d e n c e  is  a t t r i b u t e d  t o  t h e  complexi ty  
o f  t h e  f low i n  t h i s  r e g i o n  due t o  cross- f low s e p a r a t i o n  and t h e  l a r g e r  f l u c t u a t i o n s  
are a t t r i b u t e d  t o  t h e  possible unsteady n a t u r e  of t h e  r e s u l t i n g  v o r t e x  system. 

Model S u r f a c e  E f f e c t s  

To avoid  or minimize t h e  e f f e c t s  on measured h e a t - t r a n s f e r  rates of s u r f a c e  
tempera ture  d i s c o n t i n u i t i e s  ( r e f .  231, which r e s u l t  from d i f f e r e n c e s  i n  t h e  thermal  
p r o p e r t i e s  of t h e  model s u r f a c e ,  t h e  thermal  c o n d u c t i v i t i e s  of t h e  s u b s t r a t e s  and 
models should  be matched a s  close as p o s s i b l e .  Another concern a t  t h e  high 
e n t h a l p i e s  of t h i s  s t u d y  is  t h e  d i f f e r e n c e  i n  s u r f a c e  c a t a l y t i c i t y  (e.g. ,  r e f s .  59 t o  
61) between the MACOR g lass -ceramic  s u b s t r a t e s  and t h e  s t a i n l e s s - s t e e l  models. 
Because of these  concerns,  t h e  model w a s  c o a t e d  f o r  a l l  tests w i t h  a uniform d e p o s i t  
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of Pa ry lene  C6 o r  sprayed  wi th  Krylon N o .  13037, a c r y s t a l - c l e a r  a c r y l i c ,  p r i o r  t o  
i n s t a i i a t i o n  of t h e  s u b s t r a t e s .  As mentioned p rev ious ly ,  w i n d w a r c i  subsiritiaa WeLe 

g e n e r a l l y  des t royed  and t h e  Pa ry lene  C o r  Krylon a c r y l i c  cover  w a s  badly  s a n d b l a s t e d  
du r ing  t h e  pos t - run  period ( f i g .  4 ( b ) ) .  When t h i s  occur red ,  the  model w a s  removed 
from t h e  f a c i l i t y ,  t h e  s u b s t r a t e s  were removed from t h e  model, t h e  cover  w a s  removed, 
a new cover  w a s  i n s t a l l e d ,  and new s u b s t r a t e s  were i n s t a l l e d .  

The e f f e c t  of removing t h e  cover  on measured h e a t i n g  d i s t r i b u t i o n s  i s  shown i n  
f i g u r e  36 f o r  the  bent-nose b i c o n i c  i n  a i r .  Removing t h e  cover  produced no s i g n i f i -  
c a n t  e f f e c t  on h e a t i n g .  For the s h o r t  test  times of t h i s  s tudy  and t h e  correspond-  
i n g l y  low s u r f a c e  t empera tu res  on the fore-cone and a f t - cone  of t h e  b i c o n i c s ,  t h e  
e f f e c t  of any su r face - t empera tu re  d i s c o n t i n u i t y  r e s u l t i n g  from t h e  use  of d i f f e r e n t  
materials f o r  t h e  model and s u b s t r a t e s  is  expected t o  be s m a l l  ( less than  5 p e r c e n t  
f o r  t h e  w o r s t  case, i . e . ,  t h e  most upstream gage on windward fore-cone s u b s t r a t e  
( r e f .  2 3 ) ) .  However, removing t h e  cover  r e s u l t s  i n  a h i g h e r  c a t a l y t i c  e f f i c i e n c y  of 
t h e  model s u r f a c e  exc luding ,  of cour se ,  t h e  MACOR g l a s s -ce ramic  s u b s t r a t e s .  (MACOR 
g l a s s -ce ramic  is  assumed t o  be e s s e n t i a l l y  n o n c a t a l y t i c ,  as i s  the  t h i n - f i l m  gage ,  
which i s  covered wi th  a l a y e r  of A 1 2 0 3 . )  Now, i f  t h e  c h a r a c t e r i s t i c  t i m e  r e q u i r e d  
f o r  atom recombina t ion  i s  much smaller than  the t i m e  r e q u i r e d  f o r  atom d i f f u s i o n  
a c r o s s  t h e  boundary l a y e r ,  t hen  an  e q u i l i b r i u m  boundary l a y e r  e x i s t s  i n  which t h e  
recombina t ion  is completed b e f o r e  t h e  atoms can d i f f u s e  to  t h e  cold surface. For 
t h i s  l i m i t i n g  case, which r e p r e s e n t s  an upper  l i m i t  on t h e  h e a t - t r a n s f e r  rate,  t h e  
c a t a l y t i c i t y  of t h e  s u r f a c e  does  n o t  i n f l u e n c e  t h e  h e a t i n g .  I f  t h e  c h a r a c t e r i s t i c  
t i m e  for atom recombinat ion is so l a r g e  t h a t  no recombina t ion  can occur  b e f o r e  the  
atoms have d i f f u s e d  t o  t h e  s u r f a c e ,  t h e  boundary-layer f low is f rozen .  I n  t h e  case 
of a p a r t i a l l y  o r  comple te ly  f r o z e n  boundary l a y e r ,  t h e  c a t a l y t i c i t y  of the s u r f a c e  
affects t h e  h e a t i n g .  For a f u l l y  c a t a l y t i c  wal l ,  a l l  atoms t h a t  d i f f u s e  t o  t h e  
s u r f a c e  recombine t h e r e ,  d e p o s i t i n g  t h e i r  chemical  energy on t h e  s u r f a c e  and 
i n c r e a s i n g  the  h e a t - t r a n s f e r  rate. I f  t h e  s u r f a c e  is  n o t  f u l l y  c a t a l y t i c ,  the  h e a t -  
t r a n s f e r  rate w i l l  be reduced because  of t h e  dec rease  i n  s u r f a c e  recombinat ion.  The 
c o n d i t i o n  of a comple te ly  f r o z e n  boundary l a y e r  and a comple te ly  n o n c a t a l y t i c  s u r f a c e  
r e p r e s e n t s  t h e  lower l i m i t  on h e a t i n g .  Thus, one p o s s i b l e  e x p l a n a t i o n  f o r  the good 
agreement  between t h e  h e a t i n g  f o r  t h e  covered  and uncovered models i s  tha t  t h e  f low 
i s  i n  e q u i l i b r i u m .  A l t e r n a t i v e l y ,  perhaps  t h e  f low is i n  nonequi l ibr ium,  b u t  t h e  
e f f e c t  of s u r f a c e  c a t a l y t i c i t y  on h e a t i n g  for t h e  p r e s e n t  c o n d i t i o n s  is r e l a t i v e l y  
small  ( w i t h i n  t h e  expe r imen ta l  u n c e r t a i n t y ) .  Another p o s s i b l e  e x p l a n a t i o n  f o r  t h e  
good agreement  between t h e  covered and uncovered models is  t h a t  t h e  t h i n - f i l m  gages  
w e r e  p l a c e d  a s u f f i c i e n t  d i s t a n c e  from the steel-MACOR g las s -ce ramic  j u n c t i o n s  i n  the 
model s u r f a c e  t o  a l low t h e  f l o w  t o  a d j u s t  l o c a l l y ,  i f  necessa ry ,  t o  t h e  MACOR g l a s s -  
ceramic s u r f a c e s .  For t h e  sake  of c o n t i n u i t y  and t h e  f a c t  t h a t  t h e  cover  provided  
e x c e l l e n t  p r o t e c t i o n  of the model s u r f a c e  from sol id  contaminants  carried i n  t h e  
post tes t  f low,  t h e  model w a s  covered f o r  a l l  runs .  The assumption is made t h a t  t h e  
p r e s e n t  h e a t i n g  data cor respond t o  a n o n c a t a l y t i c  surface. 

6Pa ry lene  i s  t h e  g e n e r i c  name f o r  members of a polymer series developed by Union 
Carb ide  Corp.; because  of its low pe rmeab i l i t y  to  moi s tu re  and c o r r o s i v e  g a s e s ,  i s  
commonly used to  c o a t  e l e c t r o n i c  a s sembl i e s .  

7Krylon is a r e g i s t e r e d  trademark of Borden, Inc .  
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Flow Chemistry 

Because of t h e  close proximi ty  of t h e  shock to  t h e  model s u r f a c e  a t  t h e  h i g h e r  
d e n s i t y  r a t i o s ,  t h e  flow w i t h i n  t h e  shock l a y e r  may d e p a r t  from e q u i l i b r i u m  
( r e f .  26) ;  t h a t  i s ,  t h e  r e l a x a t i o n  l e n g t h  ( t h e  p r o d u c t  of r e l a x a t i o n  t i m e  and f l o w  
speed)  f o r  a i r ,  N 2 ,  and C02 may be large compared w i t h  a c h a r a c t e r i s t i c  l e n g t h ,  such 
as t h e  shock detachment d i s t a n c e .  This  is e s p e c i a l l y  t r u e  i n  t h e  nose r e g i o n ,  where 
p h y s i c a l  dimensions are small and t h e r e  may n o t  be s u f f i c i e n t  t i m e  f o r  r e a c t i o n s  t o  
occur .  The r e s u l t s  of r e f e r e n c e  26, based on b i n a r y  s c a l i n g  f o r  b l u n t  b o d i e s ,  
r e v e a l e d  t h a t  t h e  p r o d u c t  of f ree-s t ream d e n s i t y  and p r e d i c t e d  e q u i l i b r i u m  shock 
detachment d i s t a n c e  a t  t h e  s t a g n a t i o n  p o i n t  must exceed lo-' kg/m2 t o  avoid  s i g n i f i -  
c a n t  nonequi l ibr ium flow e f f e c t s .  For t h e  biconic s p h e r i c a l  nose r a d i u s  of 3.835 mm, 
t h i s  p r o d u c t  is less than  1 .3 x kg/m2 for a i r ,  N 2 ,  and C 0 2  test g a s e s ,  t h u s  w e l l  
w i t h i n  t h e  nonequi l ibr ium f low regime and may be f rozen .  Downstream of t h e  nose,  
where t h e  p h y s i c a l  dimensions are l a r g e r  t h a n  i n  t h e  nose r e g i o n ,  t h e  f low p r o c e s s e d  
by t h e  bow shock i n  t h e  nose r e g i o n  may tend  toward e q u i l i b r i u m .  However, the expan- 
s i o n  of t h e  flow over  t h e  s p h e r i c a l  nose and i t s  adjus tment  t o  t h e  c o n i c  s e c t i o n  may 
a l s o  d iscourage  e q u i l i b r a t i o n .  Whether nonequi l ibr ium,  or f r o z e n ,  f low is r e s t r i c t e d  
to  t h e  nose region or a l s o  o c c u r s  over  t h e  fore-cone and af t -cone  s e c t i o n s  and c a n n o t  
b e  determined from t h e  p r e s e n t  exper imenta l  h e a t i n g  r e s u l t s  a lone .  A s  d i s c u s s e d  
p r e v i o u s l y ,  comparison between measured and p r e d i c t e d  (PNS code)  h e a t i n g  d i s t r i b u -  
t i o n s  and shock shapes i n  a i r  i n d i c a t e  t h e  probable  e x i s t e n c e  of nonequi l ibr ium flow. 

Viscous E f f e c t s  

A t  s u f f i c i e n t l y  l o w  Reynolds numbers, t h e  shock and boundary-layer t h i c k n e s s e s  
are no longer  n e g l i g i b l e  compared wi th  t h e  shock detachment d i s t a n c e ,  and t h e  shock 
t h i c k n e s s  can no longer  be r e p r e s e n t e d  as a s u r f a c e  of d i s c o n t i n u i t y .  Viscous 
e f f e c t s  may predominate over  t h e  e n t i r e  f low f i e l d  and, i n  t h i s  case, t h e  c lass ic  
approach of d i v i d i n g  t h e  flow f i e l d  i n t o  a v i s c o u s  boundary-layer  r e g i o n  and an  o u t e r  
i n v i s c i d  region becomes i n a c c u r a t e .  A number of r e s e a r c h e r s  have sugges ted  v a r i o u s  
cr i ter ia  i n  an e f f o r t  t o  d e f i n e  regimes between what is commonly r e f e r r e d  to  as t h e  
continuum-flow regime and t h e  free-molecular-f low regime (a c o l l e c t i o n  of such 
c r i t e r i a  is presented  i n  r e f .  621, b u t  t h e s e  are recognized  as approximations.  

r e f .  64) were s e l e c t e d  t o  de termine  i f  v i s c o u s  e f f e c t s  f o r  t h e  f low over t h e  s p h e r i -  
cal nose t i p  were s i g n i f i c a n t .  A s  i n d i c a t e d  by t h e s e  parameters ,  w i t h  K r 2  v a r y i n g  
from 22 f o r  N2 t o  53 f o r  H e  and R2, rn / (p2/p , )2  v a r y i n g  from 2.6 f o r  C 0 2  t o  23.0 for  
H e ,  t h e  p r e s e n t  f l o w s  over  t h e  nose b r i d g e  t h e  "boundary" between t h e  continuum-f l o w  
regime and the  s l i p - f l o w  regime (e.g. ,  see r e f s .  3 and 6 5 ) .  I n  t h i s  r e g i o n ,  classic 
boundary-layer t h e o r i e s  i n i t i a l l y  u n d e r e s t i m a t e  h e a t i n g  as t h e  Reynolds number i s  
reduced and shock-induced v o r t i c i t y  and i n t e r a c t i o n  between t h e  boundary l a y e r  and 
t h e  o u t e r  i n v i s c i d  flow become s i g n i f i c a n t ;  t h e  t h e o r i e s  t h e n  p r o g r e s s i v e l y  over- 
e s t i m a t e  h e a t i n g  a s  s l i p  e f f e c t s  become s i g n i f i c a n t .  T h i s  t r e n d  is w e l l  documented 
i n  t h e  l i t e r a t u r e  (e.g. ,  r e f s .  63 t o  69) and is a l so  q u i t e  s e n s i t i v e  t o  shock 
s t r e n g t h  ( p  /p-) ,  a s  i l l u s t r a t e d  by t h e  c u r v e s  i n  f i g u r e  37 which w e r e  t a k e n  from 

Cheng's r a r e f a c t i o n  parameter K r 2  ( r e f .  63)  and t h e  parameter R2 r n  / (Pz/P,)2 (see 

r e f e r e n c e  6 3 
Measured h e a t i n g  rates a t  t h e  nose t i p  of t h e  s t r a i g h t  b i c o n i c  a t  a = 0" are 

shown i n  f i g u r e  37 f o r  t h e  f o u r  t e s t  g a s e s  used i n  t h e  expans ion  tube .  A l s o  shown i n  
f i g u r e  37 i s  the s t a g n a t i o n - p o i n t  h e a t i n g  measured on t h e  s p h e r i c a l  nose of a model 
wi th  a 45" ha l f -angle  cone, f a b r i c a t e d  e n t i r e l y  from MACOR g lass -ceramic ,  a t  a = 0" 
i n  t h e  expansion tube  wi th  a i r  test  gas;  t h e  nose r a d i u s  f o r  t h i s  s p h e r i c a l l y  b l u n t e d  
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cone model i s  1.27 cm.  S t agna t ion -po in t  h e a t - t r a n s f e r  measurements on small q u a r t z  
hemisphzres * CIIc: u a i i y i c y  2 I - I I I W  LWUI I U  I U K I I I ~ ~  clnd tine Lanqiey Hypersonic C'F4 
Tunnel  (see appendix B) are a l s o  r e p r e s e n t e d  i n  f i g u r e  37. A s  d i scussed  i n  appen- 
d i x  B, each of t h e  f i v e  hemispheres  t e s t e d  s imul t aneous ly  i n  t h e  Mach 10 t u n n e l  
r e v e a l e d  an  e f f e c t  of Reynolds number on s t a g n a t i o n - p o i n t  h e a t i n g .  The q u a n t i t y  

CT/ (P t ,2$  r n 
7.9 x 10 . As shown i n  f i g u r e  37, t h e  r a t io  of measured to  p r e d i c t e d  s t a g n a t i o n -  
p o i n t  h e a t i n g  f o r  t h e  q u a r t z  hemispheres  exceeded u n i t y  f o r  Mach 10 a i r  and Mach 6.4 
CF4. 
and R i d d e l l  ( r e f .  31) and f o r  CF4 w a s  ob ta ined  from boundary-layer  t heo ry  and t h e  
thermodynamic p r o p e r t i e s  of r e f e r e n c e  70 f o r  CF4.) 
normal-shock d e n s i t y  r a t i o s  demonst ra te  t h e  s e n s i t i v i t y  of v i scous  e f f e c t s  on h e a t i n g  
t o  t h e  shock s t r e n g t h  and q u a l i t a t i v e l y  ag ree  wi th  t h e  p r e d i c t i o n s  of r e f e r e n c e  64. 
Measured va lues  of s t a g n a t i o n - p o i n t  h e a t i n g  i n  t h e  expans ion  tube  wi th  H e ,  a i r ,  and 
N 2  tes t  g a s e s  a l s o  exceed p r e d i c t i o n  wi th  boundary-layer  t h e o r y  ( f i g .  37). T h i s  is  
i n  spite of p robab le  nonequi l ibr ium f low e f f e c t s  f o r  a i r  and N 2  reducing  t h e  
h e a t i n g .  C o l l e c t i v e l y ,  t h e  expansion tube  da ta  of f i g u r e  37 imply v i scous  e f f e c t s  
are more impor t an t  t han  t h e  e f f e c t s  of f low chemis t ry  f o r  a i r  and N2,  whereas t h e  
r e v e r s e  may be t r u e  f o r  C02. A s  i n  t h e  case of nonequi l ibr ium f low e f f e c t s ,  it is 
n o t  p o s s i b l e  t o  de te rmine  from t h e  p r e s e n t  h e a t i n g  d i s t r i b u t i o n s  a l o n e  i f  v o r t i c i t y  
i n t e r a c t i o n  e f f e c t s  ex tend  throughout  a major p o r t i o n  of t h e  f low f i e l d  o r  are 
conf ined  t o  t h e  nose r eg ion .  I t  should  be noted t h a t  t h e  e f f e c t s  of v o r t i c i t y  w e r e  
p r e d i c t e d  t o  be s t r o n g  i n  t h e  nose r eg ion  of a s p h e r i c a l l y  b l u n t e d  cone a t  low 
Reynolds numbers b u t  r e l a t i v e l y  weak a long  the  c o n i c a l  a f t e r b o d y  ( r e f .  71). 

iii La.- T ,,,-I --- -I* I_ -L ..- -L . n - 

dec reased  from 32.5 x lo3 t o  
R=f rn i n c r e a s e d  about  8 p e r c e n t  as 

( P r e d i c t e d  s t a g n a t i o n - p o i n t  h e a t i n g  f o r  a i r  w a s  o b t a i n e d  from t h e  theo ry  of Fay 

These r e s u l t s  a t  two d i f f e r e n t  
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SYMBOLS 

= lJ*Tm/lJmT* 

4 
h e a t - t r a n s f e r  c o e f f i c i e n t ,  6 / ( h t , 2  - h w ) ,  J- s e c /m 

h e a t - t r a n s f e r  c o e f f i c i e n t ,  4 / ( T t , 2  - Tw ) , W/m2-K 

specif ic  h e a t ,  J / k g - K  

o u t s i d e  d iameter  of p i t o t - p r e s s u r e  probe, m 

e n t h a l p y ,  J/kg 

c u r r e n t ,  A 

p r o p o r t i o n a l i t y  c o n s t a n t  (see eq. ( 1 ) )  

Cheng’s r a r e f a c t i o n  parameter ( r e f .  6 3 ) ,  R /ymC*Mm , where C* i s  
2 

n CQ, r de termined  f o r  T* = (T2 + Tw)/2 

thermal  c o n d u c t i v i t y ,  W/m-K 

model l e n g t h ,  m 

Mach number 

Knudsen number, X/rn 

S t a n t o n  number, Ch/p,U, 

p r e s s u r e ,  Pa 

dynamic p r e s s u r e ,  Pa 

h e a t - t r a n s f e r  rate, W/m2 (Q 

s t a g n a t i o n - p o i n t  h e a t - t r a n s f e r  rate of a s p h e r e  (see eq. ( l ) ) ,  W/m 

u n i t  Reynolds number, m 

r e s i s t a n c e ,  R 

r a d i u s ,  m 

t e m p e r a t u r e ,  K 

r e f e r e n c e  tempera ture ,  (T, , / 6 ) [ 1  t (3T,.,/T+ I. -,a 3)1, K 

t i m e ,  sec 

v e l o c i t y ,  m/sec 

v i s c o u s - i n t e r a c t i o n  parameter, M ~ ( c * / R ~ : ~  

i n  computer-generated tables) 

2 

-1 

* I  

) 1/2 
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d i s t a n c e  downstream of tube  e x i t ,  m 

model c o o r d i n a t e s  (see f i g .  2 ) ,  m 

moles of d i s s o c i a t e d  g a s  per moles of u n d i s s o c i a t e d  g a s  

angle  of a t t a c k ,  deg 

temperature  c o e f f i c i e n t  of r e s i s t a n c e ,  K - ~  

thermal p r o d u c t  of t h e  s u b s t r a t e ,  

r a t i o  of s p e c i f i c  h e a t s  

i s e n t r o p i c  exponent 

shock-detachment d i s t a n c e  measured p e r p e n d i c u l a r  t o  fore-cone ax i s ,  m 

nose bend a n g l e ,  deg 

cone h a l f - a n g l e ,  deg 

mean f r e e  p a t h ,  m 

(pck)  ' j2,  W-sec1/2 /m2-K 

v i s c o s i t y ,  N - s e c / m  2 

2 v i s c o s i t y  e v a l u a t e d  a t  T*, N - s e c / m  

d e n s i t y  , kg/m 

c i r c u m f e r e n t i a l  a n g l e  measured from t h e  most leeward r a y ,  deg 

3 

S u b s c r i p t s  : 

a af t -cone s e c t i o n  

BL boundary l a y e r  

b base 

CL center li ne 

e tube e x i t  

e f f  e f f e c t i v e  

€ €ore-cone s e c t i o n  

m measured 

n nose 

0 i n i t i a l  

s s u b s t r a t e  
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i n c i d e n t  shock i n t o  q u i e s c e n t  a c c e l e r a t i o n  gas  

r e s e r v o i r  s t a g n a t i o n  c o n d i t i o n s  

s t a g n a t i o n  c o n d i t i o n s  behind normal shock 

expansion tube  w a l l  o r  model s u r f a c e  ( n o t  s u b s c r i p t e d  i n  computer- 
g e n e r a t e d  t a b l e s )  

s ta te  of q u i e s c e n t  t e s t  gas  i n  f r o n t  of i n c i d e n t  shock i n  i n t e r m e d i a t e  
s e c t i o n  

s t a t i c  c o n d i t i o n s  immediately behind normal shock 

d r i v e r  gas c o n d i t i o n s  a t  t i m e  of primary diaphragm r u p t u r e  

s t a t e  of q u i e s c e n t  a c c e l e r a t i o n  g a s  i n  f r o n t  of i n c i d e n t  shock i n  
a c c e l e r a t i o n  s e c t i o n  

f ree-s t ream c o n d i t i o n s  

4 3  
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T e s t  
g a s  

He 

A i r  
N2 

co2 

TABLE 1.-  MEASURED INPUTS USED To DETERMINE NOMINAL E'LOW CONDITIONS 

r e p r e s e n t  mean va lues  o b t a i n e d  from a number 1 u s r l o '  and P t ' 2  
of c a l i b r a t i o n  runs and runs with p r e s e n t  b i c o n i c  models; A 
r e p r e s e n t s  scatter i n  t h e s e  q u a n t i t i e s  and n o t  d a t a  p r e c i s i o n  

Pwr ApW r U S r 1 O '  AUS,lO' %,2 '  4 ' 2 '  
Pa p e r c e n t  m/sec p e r c e n t  kPa p e r c e n t  

1300 f3.0 6900 f l . 4  72.6 f7.0 
1635 *4 .O 551 5 f l . 5  85.6 f 3  .o 
2180 f8.0 5325 f2 .0  130.35 f 3  .O 
1030 *8.0 4535 f3 .5  103.0 f8  .O 



C 0 2  1 1030 

1.667 
1.302 
1.296 

TABLE 2 e- NOMINAL FLOl CONDITIONS 

[z, = 1 f o r  a l l  t es t  gases ;  r, = 3.835 mm; L = 12.2 c m l  

6900 
5515 
5326 

1.72 10-3 
2.88 
4.73 
5.09 

4.87 x l o 5  
2.62 
4.50 
5.64 

' 

0.0218 5.33 x 
.0388 9.12 
.0313 5.70 
.0377 5.85 

72.60 0.71 x 10- jiz 1 85.60 13.55 
130.35 5.49 
103.00 9.83 

T t , 2 '  
K 

4948 

T m  

K 

364 
1913 
1604 
1070 

h t , 2 '  R2 hW, 
M J / W  

( C )  

YE,t,2 ' t , 2  MJ/kg m -1 

1 .667 1 .OO 25.69 0.82 x l o 5  1.56 

( a )  Free-stream f low 

3.71 
11.83 
11.13 
18.83 

26.28 
28.22 
31.92 
21.92 

Mm 

6.15 
6.41 
6.89 
9.29 

6471 
6162 
3531 

1.127 1.26 17.41 1.11 
1.143 1 .34 15.96 1.58 
1.132 1.57 2.41 2.43 

(b) Post-normal-shock f l o w  

.31 

.30 
-8.72 

'sph 

( d )  

C 

dObtained from e x p r e s s i o n  d e r i v e d  i n  r e f e r e n c e  30. 
hw e v a l u a t e d  a t  Tw = 300 K. 
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TABLE 3.- UNCERTAINTY I N  COMPUTED FLOW CONDITIONS 

pml U n c e r t a i n t i e s  correspond to  -10 p e r c e n t  i n  
-5 p e r c e n t  i n  U,, and 10 p e r c e n t  i n  pt ,2  c 

R a t i o  of f low q u a n t i t y  i n  error t o  f low q u a n t i t y  cor responding  
t o  nominal f low v a l u e s  of measured i n p u t s  €or  - T e s t  m 

g a s  
Pm T m  'm R m  ~ 2 1  Pm T t , 2  qsph 

( a )  

0.927 
1.226 .734 1 . lo2  1.427 .957 .979 .919 

A i r  1.225 ,735 1.097 1 .410 .968 .960 ,922 
.737 1.420 .999 .961 .922 1.099 1.220 

0.891 H e  1.220 0.738 1 . lo6 1.435 1 .014 

N 2  

co2 1 I 
'sph aBased on e x p r e s s i o n  d e r i v e d  i n  r e f e r e n c e  30 f o r  
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.e19 

.860 

.901  

I .247 
1 .287 

.328 
1 .368 

.408 

.449 
,489 
.530 
.613 
* 654 
.695 
.737  
.778 
.819 
.860 
, 9 8 1  

TABLE 4.- MEASURED HEATING RATES FOR STRAIGHT BICONIC IN HELIUM 

180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1.981 

1,968 
1.833 
1.828 
1 . 7 4 9  
1.679 
1.649 
1.176 
1.046 
,956 
,907 
.909 
802 

. 788  

-- 

-- 

2.049 
1.945 
1.913 
1.851 
1.783 
1.866 
1 802 
1 . 7 5 5  
1.190 
I .  060 
.985 
.895 
. 864  
.797 
.805 
. B O 5  

386.4 
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TABLE 4.- Concluded 

:>; ..." L 

.247 
'7 8 7 
.328 
, 3 6 8 
4 E1 8 
.449 
.489 
.538 
,613 
,654 
.695 
, 7 3 7  
. 7 7 8  
.819 
, 8 6 8  
.901 

. L  

, 2 4 7  
, 287  
.328 . :368 
.408 
. 4 4 9  
.489 
.530 
.613 
.654 
. 6 9 5  
. 7 3 7  
. 7 7 8  
.819 
,860 
.901 
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JI, deg 

188 
180 
188 
188 
188 
188 
180 
180 
188 
188 
180 
180 
180 
180 
180 
188 

0 
0 
G1 
0 
0 
0 
0 
0 
G1 
0 
0 
0 
0 
0 
0 
0 

5.615 

5. 12'3 
4.642 
4.518 
4 . :3 :3 4 
4.166 
3 . 3 3 8 
2 . 7 2 6  
2.439 
2.336 
2.309 
2 . 2 7 6  
2 . 2 1 7  
2.155 

-- 

-- 

,668 
.539 
.586 

.419 

. 4 1 4  

.397 

.355 

. 2 7 1  

.246 
, 2 4 0  
. 2 2 4  
.225 
.223 
. 2 1 2  
. 2 1 5  

-- 



.654 

.695 

.737  

.778  

. 819  

.868 

. 981  

, .247 

.328 

.368 

.449 

.489 

.538 
1 .613 

I . 6 3 5  
.737 . f ( 8  
. # 1 9  
.868 
.981 

I 
I .287 

TABLE 5.- MEASURED HEATING RATES FOR STRAIGHT BICONIC IN NITROGEN 

188 
188 
188 
188 
188 
180 
188 
138 
180 
180 
180 
180 
188 
188 
188 
188 

8 
8 
0 
0 
8 
0 
8 
8 
0 
0 
8 
0 
El 
0 
0 
0 

315.4 

315.61 
314 .1  
:>13.7 
312.8 
. 3 1 " r.3 '-I 

312.6 

386.8 

384.6 

30:s. 6 

so:>. 3 

-- 

-- 

-- 

-- 
-- 

2 .787  

2 . 6 4 5  
2. 531 
2.582 
2.418 
2.347 
2.333 
1.744 
1.537 
1.342 
1.383 

1.157 
1 .  163 
1 .109  

-- 

-- 

2.796 
2.657 
2.538 
2.535 
2.465 
2.465 
2.378 
2.285 
1.698 
1.488 
1.398 
1. 385 
1.234 
1.162 
1.158 
1.113 

1.788 

1 . 6 1 4  
1.521 
1.483 
1 . 4 8 4  
1 . 4 3 1  

1.863 
.937 
. 875  

-- 

-- 

- -  - . I" '3 U 
,724 
. f . 31  
.722 
- r  
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.247 

.287 

. 328  

.368 

.408 

.449 

.489 . 530 

.613 

.654 

.695 

.737 

. 778  
,819 
.860 
.901 

180 
180 
180 
186 
180 
180 
180 
1 :38 
180 
180 
188 
180 
188 
180 
188 
188 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

TABLE 5.- Concluded 

. 8 0 0  

.598 

.564 

.521 . 499 

.460 

. 4 1 6  

.340 

.324 
,306 
.295 

, 2 8 1  
.279 
. 2 7 5  

-- 

-- 



;< .." L 

. 2 4 7  

.287 

.328 

. .-st.b 
,488  
.449 
. 4 8 9  
* 538 
.613 
.654 
.695 
.7:37 
* 778  

.-, r ,- 

.819 

.868 

. 981  

i :::; 
~ .328 

,368 

.449 

.489 

.538 

. 613  

. 6 5 4  

.695 
* 737 

. 819  

.868 

. 981  

, .488 

-- - . i l ' %  

TABLE 6.- MEASURED HEATING RATES FOR STRAIGHT BICONIC IN AIR 

188 
188 
188 
180 
188 
188 
188 
188 
188 
188 
188 
188 
180 
180 
1 8 0  
188 

0 
8 
0 
8 
0 
0 
8 
0 
8 
8 
0 
8 
u 
8 
8 
8 

:>. 188 

:3 . r3 4 2 
2 . 3 2 '3 
2.978 
2.984 
2.976 
2 . 9 4 4  
2 .148  
1.860 
1.679 
1.682 
1.577 
1.435 
1.443 
1.398 

-- 

:3.105 
3.111 
2.897 
3.835 
2.987 
2 . 9 4 5  
2.918 

2.232 
1.915 
1.741 
1 .664 
1.557 
1 . 4 9 2  
1.468 
1.388 

-- 
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. 2 4 7  

.287  . .J 2 :3 . :368 

. 4 B 8  

.449 

. 489  
,5361 
.61:3 
.654 
,695 
. 7 3 7  
. 778  

819 
.860  
,9611 

.?, r 

10 , d E. 

1 861 
1861 
1861 
1861 
1861 
180 
180 
130 
180 
188 
180 
180 
188 
1861 
188 
180 

8 
8 
0 
8 
0 
0 
0 
8 
0 
0 
8 
8 
0 
0 
0 
0 

TABLE 6.-  Concluded 

<<= 12 
Q , PI W ./ ri, ."'. 2 

8.7261 
7 . 6 5 2  
7 .  15:3 
6.651 
6 . 4 1 3  
6.194 
5.871 
5.753 
4.134 
3.748 

3.717 
3.592 

3.458 
:3.289 

.-I 7 - q  
3 . I L 3 

-- 

.912  

.840 
, 7 4 9  
. 6 7 8  
, 6 2 8  
6 2 2 
.57:3 
. 5 4 6  
.487 
.449 
. 4 3 2  
,403 
. 428  
. 4 8 2  
. 3 3 3  
.398 
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>..' L 

, 247  
.287  
. .3c& 
.368 
,408 
.449 
.489 
.5:30 
,613 
,654 
.695 

r -, 0 

. 819  

.860 

.901  

.247 

.287 

.328 

.368 

. 4 0 8  

.449 
,489 
,530 
.613 
.654 
.695 
,737 
.778 
. 8 1 9  
.360 
. 9 0 1  

TABLE 7.- MEASURED HEATING RATES FOR STRAIGHT BICONIC I N  CARBON DIOXIDE 

180 
180 
180 
180 
180 
1813 
180 
180 
180 
180 
1 8 0  
180 
180 
180 
188 
1 8 0  

0 
0 
G1 
E1 

0 
0 
0 
0 
0 
0 
B 
0 
0 
0 
0 
0 

1 .945  

2. a3:3 
1.974 
1,897 

1.854 
1.855 
1.201 

. 9 9  1 

.e35 
, 7 8 8  
.763 
. 6 9 5  
.685 
.683 

-- 

-- 

2 .886  
1.476 
1 .991  
1 .945  
1 ,842  
1.903 

1.762 
1.224 
.988 
.868 
.825 
,763 
. 7 3 c  
. 7 Q 5  
713 

-- 
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TABLE 7.- Concluded 

:r; ..." L 

,247 
.287 
.328 
.:368 
.408 
.449 
.489 
,530 
.613 
.654 
,695 
, 737  
. 778  
.819 
,860 
. 9 0 1  

.247 
,287 
,328 
,368 
,408 
.449 
.489 
.530 
,613 
.654 
. 6 9 5  
. 737  
.778 . 819 
. 8 6 0  
. 9 0 1  

188 
188 
180 
180 
180 
1 80 
180 
180 
180 
188 
130 
180 
180 
180 
180 
180 

0 
0 
0 
0 
0 
0 
0 
8 
0 
0 
0 
0 
0 
0 
0 
0 

5.58'3 

4 .  819 
4. :379 
4.378 
3 . 9 1 7  
3.822 
3. 671 
2.461 
2.133 
1 .945 
1 .910  
1,863 
1.749 
1.756 

-- 

-- 

-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
-- 
. 164 
.156 
, 1 5 4  
.160 
. 1 6 2  
, 1 5 5  

5 4  



z ..." L 

. 2 5 6  

.296 

. 3 3 7  

.377 

.418 

. 4 5 9  
,499 
.540 
.634 
,676 
.717 
.759 
,800 
,842 
,884 
,925 

TABLE 8.- MEASURED HEATING RATES FOR BENT-NOSE BICONIC I N  HELIUM 

9, Jeg 

180 
180 
180 
188 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 

3.852 

3.704 
3.580 
3.457 
3.336 
3.249 
3.176 
1.176 
1.018 
.903 
.835 
.826 
.767 
.748 
. 748  

-- 

-- 

.-, - .- .I* L j  .I: * 5 

.256 1 .296 

. 3 3 7  

.377 
~ .418 

.459 

.499 j .540 

.636 i .679 
I . 7 2 1  

,764 
.806 

.892 
~ ,935 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1. 096 
,939 
.878 
.809 
,746 
,645 
.637 
.612 
,550 
.549 
,540 
,559 
,531 
,548 
.533 
,529 
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TABLE 8.- Concluded 

.256 

.296 

.:I37 

.377 
,418 
.453 
.493 
.540 
.634 
.676 
.717 
.759 
.800 

,884 
.925 

. 842 

.256 
,236 
.337 
.377 
.418 
.459 
.439 
.540 
,636 
,679 
.72 1 
.764 
.806 
,849 
.892 
.935 

180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
180 
188 
180 
180 
180 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

6.895 

6.285 
5.900 
5.633 
5.469 
5.256 
5.172 
2.184 
2.155 
2.032 
2.027 
1.379 
1.955 
1.338 
1.372 

-- 

.475 

.408 

.373 
,418 
.363 
.399 
.416 
.445 
.453 
.473 
.479 
.503 
.519 
. 5 1 3  
.532 

-- 

.-, .- a L 8 . 4  

. 5 2 8  

.442 
,481 
.468 
.487 
.411 

.442 

.462 

.458 

. 4 4 1  

.452 

.444 

.446 

.451 
,432 

-- 
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TABLE 9.- MEASURED HEATING RATES FOR BENT-NOSE BICONIC I N  NITROGEN 

. 2 5 6  

.296 

.337 

.377 

.418 

.459 
,499 
.548 
.636 
.679 
. 7 2 1  
,764 

188 
180 
188 
188 
188 
180 
188 
188 
180 
180 
188 
180 
180 
188 
180 
188 

336.2 

334.2 
33  1 . 4 
3:32.2 
329.4 
326.3 
326.2 

387.7 

306. 1 

385.4 

305.6 

-- 

.7 -8 

-- 
-- 

-- 
-- 

5.298 

4.949 
4.634 
4 , 6 2 2  
4.375 
4.832 
3.926 
I .  522 
1.318 
1.130 
1.089 
1,848 
.985 
,956 
.983 

-- 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
w 
0 
0 
0 

1.422 
1.226 
1.202 
1.095 
1.019 
.985 
. 925  
,868 
,836 
.834 
,876 
.559 
.86 i 
,840 
,828 
,826 

g46 
. 7 4 4  
,653 
.635 
.586 
.532 
,531 
.493 
. 5 0 1  
.486 
.485 
. 4 5 2  
.461 
. 4 4 1  
.468 -- 
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TABLE 9.- Concluded 

.256 

.296 

. 3 3 7  

. 3 7 7  
, 418  
, 4 5 9  
.499 
. 5 4 0  
.636 
.679 
. 7 2 1  
.764 
.806 
.849 
.892 
.935 

180 
180 
180 
180 
180 
180 
180 
1 80 
180 
180 
180 
180 
180 
180 
180 
180 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

366.4 

353 . O j  

351.4 
:347.5 
345.5 
345.0 
332.4 

314.2 

314.0 

314.8 

-- 
.503 
.486 
.496 
. 5 0 4  
.438 
,493 
.486 
,516 
,546 
, 5 5 1  
.583 
.577 

.609 
-- 

-- 
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7, c . L.J6 
.296 
, 3 3 7  
. 3 7 7  
. 4 1 8  
.459 

, .499 
I ,548 

.636 

.679 

. 7 2 1  
,764 
.886 

, . e 9 2  
' .935 

TABLE 10.- MEASURED HEATING RATES FOR BENT-NOSE BICONIC I N  A I R  

6 , 2 5 2  

5 .681  
5.181 
5.147 
5.188 
5 , 8 7 ::I 
4 .842 
1.618 
1.422 
1 .248 
1.248 
1.228 
1.199 
1.179 
1.153 

-- 

1 , 3 3 6 
1.16:3 
1.133 
1.08'3 
, +r,8 
rn 936 
rn 85 1 
,88 1 
* 887 
,844 
,855 
,854 
0 87 1 
,846  
,815 

0- - 

-- 

318.5 
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TABLE 10. - Concluded 

z ./ L 

. 2 5 6  

.296 
,337 
. 377  
,418 
,459 
,499 
, 5 4 0  
.634 
.676 
.717 
.759 
.800 
.842 
.884 
. 9 2 5  

.256 

.296 

.337 

.377 

.418 

.459 

.499 
, 5 4 0  
.636 
.679 
.721 
,764 
.806 
.849 
.892 
.935 

180 
180 
180 
180 
180 
180 
180 
188 
180 
180 
180 
180 
180 
180 
180 
180 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

.:37 1 9 

3b.5.1 
357.7 
356.6 
353.2 
351.9 
350. 6 

320.8 

319.4 

318.6 

319.3 

-- 
. , r .- 

-- 
-- 
-- 

-- 

10.588 

9.243 
8.409 
8.205 
7.761 
7.390 
7.281 
3.181 
3.256 
3.035 
2.918 
3.002 
2.800 
2.814 
2.849 

-- 

-- 
,569 
.618 
,618 
.650 
.677 
,732 
.695 
.736 
.774 
. 8 1 5  
.843 
.875 

.883 

.893 

-- 

-- 
:3 3 a . :3 
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z ./' L 

, 2 5 6  
.296 
,337 
.377 
. 418  
.459 
.499 
* 548  
.634 
.676 
,717 
,759 
.800 
.342 
. 8 8 4  
. 9 2 5  

.256 
,296 
.337 
.377 
. 4 1 8  
. 4 5 9  
.499 
.540 
.636 
679 
.721 
.764 

1 .849 
.892 

1 . a86  

I .935 

TABLE 11 . -  MEASURED HEATING RATES FOR BENT-NOSE BICONIC I N  CARBON DIOXIDE 

QI, d r g  

188 
180 
180 
1 :30 
188 
180 
180 
188 
180 
180 
180 
180 
1 :30 
180 
180 
180 

0 
0 
8 
0 
8 
8 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

3 . 7 2 8  

3.691 
3.440 
3.452 
3.287 
3.152 
2.965 

.652 

-- 

-- 
-- 
-- 
,495 
.464 
.46 1 
.444 

.695 

, 5 1 6  
,431 
. 4 4  1 

. 374  
,398 
,384 
,398 
,407 
,38 1 
,381 

.39 1 
, 4 0 2  

-- 

-- 

-- 
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TABLE 1 1 .  - Concluded 

.256 

.296 . 3 3 7 

. 3 7 7  

. 4 1 8  

.459 

. 4 9 9  

.548 
,634 
,676 
. 717  
.759  
. 8 8 0  
.842 
, 8 8 4  
,925  

.256 

.296 

. 3 3 7  

. 377  

.418  

.459 

. 499  

.548 

.636 

.679 
721 
.764 
.SO6 
. 849  
.892 
,935 

188 
180 
186 
188 
180 
180 
1 88  
188 
188 
138 
180 
186 
180 
188 
180 
188 

8 
0 
0 
8 
0 
8 
0 
0 
0 
8 
8 
0 
8 
8 
8 
8 

358.5 

-- 

7 .191  

6.386 
5 .  52:3 
5.236 
5.608 
4.664 
4.189 
1.445 
1.437 
1.337 
1.259 
1.218 
1. 280 
1 .248  
1 .392 

-- 
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Open - straight biconic 
Solid - bent-nose biconic 

Junct ion 

I I I I I 
0 .2 .4 .6 .8 1.0 

x / L  or z/L 
( a )  a = O o .  

F i g u r e  7.- Effect of nose bend on h e a t i n g  i n  helium. 
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Figure  ?.- Continued. 
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Figure 8.- Concluded. 
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Figure 10.- Continued. 
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Figure 10.- Concluded. 

82 



1 - ,‘I 
IU 

NSt,a3 lo-* 

F i g u r e  1 

a, deg 

0 0  
0 4  
3 8  
n 12 
h 1 6  
11.1 20 

0 

Junction 

0 

1.- E f f e c  

.2 . 4  - 6  

z/ L 

( a )  Windward r a y  ( 4  = 1 8 0 O )  

t of a n g l e  of a t t a c k  on hea 
b i c e n i c  i n  a i r .  

-8 

. t i n g  of 

l , o  

bent-nose 

83 



NSt,, 10-3 

loe4 

84 

- 

- 

- 

0 

- 

Q)oco 
a m  q-J 

- 

- a, deg a h f  a h  a a f ’ e f  
0 0  0 0 .54 

A 12 
tl 16 1.25 2.29 1.79 
b 20 1.56 2.86 2.10 

.31 .57 .86 

.62 1.14 1.17 

.93 1.71 1.45 

- 5: 

- 

Junction 

1 I 
, 
I 

0 .2  .4 .6 .8 1.0 

z/ L 

(b) Leeward r a y  ( 4  = O O ) .  

Figure  1 1  .- Continued.  



n 12 
16 

b 20 

. 2  .4  .6  

zl L 

(c )  R a t i o  of w i n d w a r d  to l e e w a r d .  

F i g u r e  I 1  .- Concluded. 

1.0 

85 



Test gas 

0 He 
0 Air 

n 

on0 
0 N2 
n co2 

A 

J unction 

.2 .4 .6 .a 1.0 
z /  L 

( a )  a = 1 2 O .  

Figure  12.- R a t i o  of bent-nose-biconic  windward h e a t i n g  
a t  i n c i d e n c e  ( a  = 12' and 20') t o  windward h e a t i n g  a t  
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F i g u r e  20.- Heat ing d i s t r i b u t i o n s  for bent-nose biconic i n  
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and d e n s i t y  r a t io  for  bent-nose b i c o n i c .  
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F i g u r e  26.- Measured and p r e d i c t e d  h e a t i n g  f o r  s t r a i g h t  
b i c o n i c  i n  H e .  
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Figure 26.- Continued.  
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